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The  recipient  of  the  1994  International  Symposium  on  Compound  Semiconductors 
Welker  Medal  was  Federico  Capasso.  He  received  his  Doctor  of  Physics  degree, 
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Bell  Laboratories  first  as  a  visiting  scientist  in  1976  and  then  as  member  of  the  technical 
staff  in  1977.  Since  1987  he  has  been  head  of  the  Quantum  Phenomena  and  Device 
Research  department. 
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heterostructures  has  opened  up  new  areas  of  research  in  electronics  and  optoelectronics 
and  led  him  to  the  discovery  of  many  new  phenomena  in  artificially  structured 


semiconductors.  In  a  series  of  pioneering  contributions  he  and  his  collaborators  showed 
how,  with  appropriate  combinations  of  bandgap  and  doping  profiles,  one  can  engineer 
the  band  diagram  of  semiconductor  heterostructures  in  a  nearly  arbitrary  and  continuous 
way  and  thus  tailor  their  electronic  and  optical  properties  for  specific  applications.  This 
led  him  to  the  invention  and  demonstration  of  avalanche  photodiodes  (APDs)  with 
enhanced  ionization  rates  ratio,  including  multiquantum  well  APDs  and  the  conception  of 
a  solid-state  photomultiplier.  Federico  Capasso  and  his  collaborators  also  made  important 
contributions  to  heterojunction  bipolar  transistors  including  the  first  demonstration  of  a 
graded  gap  base  bipolar  and  the  measurement  of  the  drift  velocity  of  minority  electrons 
in  p-type  graded  gap  semiconductors.  His  pioneering  research  on  quantum  effect  devices 
includes  the  invention  and  realization  of  resonant  tunnelling  bipolar  transistors  and  of 
multistate  transistors.  He  and  his  collaborators  showed  experimentally  that  the  complexity 
of  many  analog  and  digital  circuits  can  be  greatly  reduced  using  these  functional  devices. 
His  research  on  superlattice  devices  led  him  to  the  invention  of  new  photoconductors 
based  on  the  effective  mass  filtering  effect,  the  first  observation  of  negative  differential 
resistance  by  Bragg  reflections,  predicted  by  Esaki  and  Tsu  in  1970,  and  to  the  observation 
of  sequential  resonant  tunnelling  through  multiquantum  well  superlattices.  Building 
on  the  latter  phenomenon  he  started  a  research  programme  on  unipolar  semiconductor 
lasers;  recently  he  and  his  collaborators  demonstrated  the  first  unipolar  intersubband 
laser  (quantum  cascade  laser),  following  a  25-year  worldwide  quest.  In  their  work 
on  optical  properties  of  quantum  structures  Capasso  and  his  collaborators  designed 
and  demonstrated  new  coupled-quantum  well  semiconductors  with  giant  intersubband 
nonlinear  susceptibilities  in  the  infrared  and  large  linear  Stark  effects  for  modulator 
applications,  Fabry-Perot  electron  filters  and  structures  with  Bragg-confined  continuum 
states.  He  also  pioneered  the  tailoring  of  heterojunction  band  discontinuities  using  doping 
interface  dipoles  with  acceptor  and  donor  planes. 

He  has  co-authored  about  200  papers,  given  over  100  invited  talks  at  conferences  and 
holds  21  US  patents  and  45  foreign  patents.  He  is  co-editor  of  four  volumes,  including  the 
book  Physics  of  Quantum  Electron  Devices  (Springer).  He  is  a  member  of  the  editorial 
board  of  Semiconductor  Science  and  Technology  and  11  Nuovo  Cimento,  he  co-chaired 
two  conferences  and  served  on  the  programme  committees  of  over  25  conferences  and 
on  several  advisory  committees  and  panels. 

He  is  a  recipient  of  the  1993  New  York  Academy  of  Sciences  Award,  the  1991 
IEEE  David  Sarnoff  Award,  the  1984  AT&T  Bell  Laboratories  Distinguished  Member  of 
Technical  Staff  Award  and  the  1984  Award  of  Excellence  of  the  Society  for  Technical 
Communication.  He  is  a  Fellow  of  the  IEEE,  the  Optical  Society  of  America,  the 
American  Physical  Society,  the  American  Association  for  the  Advancement  of  Science 
and  SPIE.  He  is  listed  in  Who's  Who  in  America,  Who’s  Who  in  Engineering,  Who’s  Who 
in  the  East,  Who’s  Who  in  New  Jersey  and  American  Men  and  Women  of  Science. 


Young  Scientist  Award 


The  International  Advisory  Committee  of  the  International  Symposium  on  Compound 
Semiconductors  has  established  a  Young  Scientist  Award  to  recognize  technical 
achievements  in  the  field  of  compound  semiconductors  by  a  scientist  under  the  age 
of  forty.  The  Award  consists  of  a  financial  reward  and  a  plaque  citing  the  recipient’s 
contributions. 

The  Young  Scientist  Award  recipients  are: 

1986  Russel  D  Dupuis  for  work  in  the  development  of  organometallic 

vapour  phase  epitaxy  of  compound 
semiconductors. 

1987  Naoki  Yokoyama  for  contributions  to  self-aligned  gate  technology 

for  GaAs  MESFETs  and  ICs  and  the  resonant 
tunnelling  hot-electron  transistor. 

1989  Russel  Fischer  for  demonstration  of  state  of  the  art  performance, 

at  DC  and  microwave  frequencies,  of 
MESFETs,  HEMTs  and  HBTs  using  (AlGa)As 
on  Si. 

1990  Yasuhiko  Arakawa  for  pioneering  work  on  low-dimensional  semi¬ 

conductor  lasers,  showing  the  superior 
performance  of  quantum  wire  and  quantum  box 
devices. 

1992  Umesh  K  Mishra  for  pioneering  and  outstanding  work  on  AlInAs- 

GalnAs  HEMTs  and  HBTs. 

1993  Young- Kai  Chen  for  significant  advancements  in  the  fields  of  high¬ 

speed  III-V  electronic  and  optoelectronic  devices. 

The  recipient  of  the  1994  Young  Scientist  Award  was  Michael  A  Haase.  He  was 
born  in  Illinois  in  1959.  He  received  his  BSc  and  MSc  degrees  in  Electrical  Engineering 
from  the  University  of  Illinois  at  Urbana-Champaign,  where  he  also  earned  his  PhD  in 
1988  after  developing  an  internal  photoemission  technique  for  measuring  band  offsets 
in  semiconductor  heterostructures.  While  at  Illinois  he  also  studied  high-held  electron 
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transport  in  III-Vs,  and  did  MOCVD  crystal  growth  which  led  to  the  first  use  of  CCi4 
for  C-doping  of  GaAs. 

After  graduate  school  he  joined  3M  where,  in  addition  to  research  on  novel  guided- 
wave  optical  modulators  in  the  III-Vs,  he  was  responsible  for  device  development  in  the 
wide  bandgap  II~VI  group.  That  work  resulted  in  blue  LEDs  and  ZnSe-based  electro¬ 
optic  modulators.  In  1991,  Michael  and  his  co-workers  developed  the  world’s  first  blue- 
green  laser  diode,  for  which  they  were  awarded  the  1993  Rank  Prize  for  Optoelectronics. 
Michael  is  now  the  leader  of  the  II-VI  laser  diode  effort  at  3M.  He  is  a  member  of  the 
IEEE  and  APS,  and  has  co-authored  over  40  technical  publications  and  8  US  patents. 


Preface 


The  21st  International  Symposium  on  Compound  Semiconductors  was  held  in  San  Diego, 
California  from  18  to  22  September  1994.  This  was  the  first  of  the  Symposia  to  carry 
the  new  name  which  was  adopted  by  the  International  Advisory  Committee  to  signify 
both  the  wider  scope  and  underlying  common  baseline  of  technology  in  today’s  field 
of  compound  semiconductors.  A  total  of  184  papers  including  five  plenary  session 
papers  were  selected  from  over  300  submissions  from  16  countries  for  presentation  at 
the  conference. 

The  field  of  compound  semiconductors  has  changed  significantly  since  the  first 
International  Symposium  on  GaAs  was  held  in  1966.  By  the  time  the  third  symposium 
was  held  in  1970,  the  scope  was  expanded  to  include  new  work  on  GaP,  InP  and  mixed 
crystals  of  III-V  compounds.  Correspondingly,  the  symposium  was  renamed  Gallium 
Arsenide  and  Related  Compounds.  As  the  need  to  improve  the  performance  and  expand 
the  capability  of  electronic  and  photonic  devices  continually  drives  our  research  into  new 
materials  and  fabrication/characterization  technologies,  the  symposium  has  continued  to 
modify  its  scope  to  remain  current.  However,  the  charter  remains  unchanged.  The  21st 
International  Symposium  on  Compound  Semiconductors  continues  to  provide  a  forum 
for  the  myriad  activities  involved  in  the  conception,  fabrication,  application  and  analysis 
of  compound  semiconductor  devices.  Here,  researchers  have  the  unique  opportunity 
to  discuss  subjects  with  participants  from  many  disciplines  and  come  away  from  the 
symposium  with  perspectives  on  their  own  work  that  could  not  be  so  readily  obtained  in 
other  ways. 

The  chapters  are  organized  by  subject.  You  will  find  that  there  are  substantial  cross¬ 
links  between  them,  so  we  hope  you  will  roam  through  this  digest  and  utilize  the  many 
fine  papers  in  your  research. 

We  would  like  to  thank  the  Technical  Programme  Committee  for  reviewing  the 
abstracts,  constructing  a  high-quality  symposium  and  chairing  the  sessions.  We  would 
like  to  also  thank  Janie  Lee  (University  of  California  at  Santa  Barbara)  for  her  valuable 
help. 
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Progress  towards  high  temperature,  high  power 
SiC  devices 


Philip  G.  Neudeck 

NASA  Lewis  Research  Center,  M.S.  77-1,  21000  Brookpark  Road, 

Cleveland,  OH  44135  USA 

Abstract.  Silicon  carbide’s  demonstrated  ability  to  function  under  extreme  high- 
temperature,  high-power,  and/or  high-radiation  conditions  is  expected  to  enable 
significant  enhancements  to  a  far-ranging  variety  of  applications  and  systems. 
However,  improvements  in  crystal  growth  and  device  fabrication  processes  are 
needed  before  SiC-based  devices  and  circuits  can  be  scaled-up  and  reliably 
incorporated  into  electronic  systems.  This  paper  surveys  the  present  status  of  SiC- 
based  semiconductor  electronics  within  the  context  of  identifying  areas  where 
technological  maturation  is  most  needed,  and  speculating  on  the  prospects  for 
resolution  of  crucial  technological  obstacles.  Recent  achievements  include  the 
monolithic  realization  of  SiC  integrated  circuit  operational  amplifiers  and  digital 
logic  circuits,  as  well  as  significant  improvements  to  epitaxial  and  bulk  crystal 
growth  processes  that  will  impact  the  overall  viability  of  this  rapidly  emerging 
technology. 


1.  Introduction 

Silicon  carbide  (SiC)  based  semiconductor  electronic  devices  and  circuits  are  presently 
being  developed  for  advantageous  use  in  high-temperature,  high-power,  and/or  high-radiation 
conditions  under  which  conventional  semiconductors  cannot  adequately  perform.  Silicon 
carbide’s  demonstrated  ability  to  function  under  extreme  high-temperature,  high-power, 
and/or  high-radiation  conditions  is  expected  to  enable  significant  improvements  to  a  far- 
ranging  variety  of  applications  and  systems.  These  range  from  improved  high-voltage 
switching  [1,2]  for  energy  savings  in  public  electiic  power  distribution  and  electric  vehicles  to 
more  powerful  microwave  electronics  for  radar  and  communications  [3]  to  sensors  and 
controls  for  cleaner-burning  more  fuel-efficient  jet  aircraft  and  automobile  engines  [4,5]. 
However,  there  are  many  crucial  crystal  growth  and  device  fabrication  issues  that  must  be 
addressed  before  SiC-based  devices  and  circuits  are  ready  for  scale-up  and  reliable 
incorporation  into  electronic  systems.  This  paper  surveys  recent  progress  towards  the 
realization  of  high  temperature  and/or  high  power  SiC  devices  and  circuits  within  the  context 
of  identifying  specific  performance-limiting  areas  where  technological  maturation  is  most 
needed.  The  prospects  for  resolution  of  crucial  technological  obstacles  are  also  discussed. 

Silicon  carbide  occurs  in  many  different  crystal  stmctures  (called  polytypes)  with  each 
crystal  structure  having  its  own  unique  electrical  and  optical  properties.  The  electrical 
properties  of  the  more  common  SiC  polytypes  are  compared  to  the  properties  of  silicon  and 
GaAs  in  Table  1.  In  many  device  applications,  SiC’s  exceptionally  high  breakdown  field  (>  5 
times  that  of  Si),  wide  bandgap  energy  (>  2  times  that  of  Si),  high  carrier  saturation  velocity 
(>  2  times  that  of  Si),  and  high  thermal  conductivity  (>  3  times  that  of  Si)  could  enable 
substantial  performance  gains,  greatly  overcoming  non-trivial  low-field  carrier  mobility 
disadvantages.  In  the  particularly  attractive  area  of  power  devices,  Bhatnagar  and  Baliga  [2] 
indicate  that  SiC  power  MOSFET’s  and  Schottky  diode  rectifiers  would  operate  over  higher 
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voltage  and  temperature 
ranges,  have  superior 
switching  characteristics, 
and  yet  have  die  sizes 
nearly  20  times  smaller 
than  coiTespondingly  rated 
silicon-based  devices. 


2.  Crystal  Growth 

Although  some  of 
silicon  carbide’s 

advantageous  electrical 
properties  have  been 
known  for  decades,  until 
recently  there  was  a  lack  of 
wafers  with  reproducible 
SiC  of  sufficient  electrical 
quality  to  realize 

advantageous  devices  and 
circuits.  Efforts  to  solve 
the  material  shortage  problem  through  the  heteroepitaxial  growth  of  3C-SiC  on  large-area 
substrate  materials  (primarily  silicon  wafers)  have  not  proven  successful  to  date,  as  the 
resulting  SiC  material  still  contains  too  many  defects  to  be  useful.  Only  with  the  development 
of  the  modified  Lely  seeded  sublimation  growth  technique  have  acceptably  large  and 
reproducible  single-crystal  SiC  wafers  of  usable  electrical  quality  become  available  [6,7]. 
1-inch  6H-SiC  wafers  first  became  commercially  available  in  1989  [8],  and  the  vast  majority 
of  silicon  carbide  semiconductor  device  technology  development  has  taken  place  since  that 
time. 

Of  the  numerous  polytypic  forms  of  silicon  carbide,  4H-  and  6H-SiC  electronic 
devices  presently  exhibit  the  most  promise  due  to  the  availability  and  quality  of  reproducible 
single-crystal  wafers  in  these  polytypes.  The  size  of  commercially  available  4H-  and  6H-SiC 
wafers  has  recently  been  increased  from  1  inch  to  1.375  inches  in  diameter,  and  further  up- 
scaling  to  2-inch  and  3-inch  wafer  sizes  is  eventually  expected.  Although  only  one  U.S. 
company  is  presently  selling  greater  than  1-inch  SiC  wafers  on  the  open  market  [8],  at  least 
three  other  companies  are  producing  similar  SiC  wafers  on  a  regular  basis  for  internal 
purposes.  Having  been  introduced  commercially  as  recently  as  1993,  the  4H-SiC  wafers  are 
presently  more  expensive  and  slightly  less  developed  than  6H-SiC  wafers.  However,  4H- 
SiC’s  substantially  higher  carrier  mobility  [9]  should  make  it  the  polytype  of  choice  for  most 
SiC  electronic  devices,  provided  that  all  other  device  processing,  performance,  and 
cost-related  issues  play  out  as  being  roughly  equal  between  the  two  polytypes.  Furthermore, 
the  inherent  mobility  anisotropy  that  degrades  conduction  parallel  to  the  crystallographic  c-axis 
in  6H-SiC  [9,10]  will  particularly  favor  4H-SiC  for  vertical  power  devices.  The  emergence  of 
higher  mobility  4H-SiC  has  largely  overshadowed  significant  progress  made  in  obtaining 
greatly  improved  3C-SiC  through  heteroepitaxy  on  low-tilt-angle  6H-SiC  substrates  [11].  If 
on-going  work  ever  solves  the  crystallographic  defect  problems  associated  with  the 
heteroepitaxial  growth  of  3C-SiC  on  large- area  silicon  substrates,  fabrication  line  compatibility 
and  economic  advantages  would  probably  push  3C-SiC  to  the  torefront. 

The  controlled  growth  of  high-quality  epilayers  is  a  key  issue  in  the  realization  of  SiC 
electronics,  especially  given  the  fact  that  present-day  commercial  SiC  wafers  exhibit  bulk 
resistivities  no  higher  than  10  Q-cm.  Homoepitaxial  growth  of  n-type  (nitrogen-doped)  or  p- 
type  (aluminum-doped)  epilayers  is  primarily  accomplished  using  chemical  vapor  deposition 
(CVD)  [12].  Recently,  a  major  advancement  which  greatly  enhances  Ae  range  and  control  of 
in-situ  doping  of  SiC  during  CVD  growth  was  reported  by  Larkin  et.  al.  [13,14].  This 
technique,  called  site-competition  epitaxy,  has  enabled  reproducible  doping  concentrations  low 
enough  to  enable  the  fabrication  of  the  first  2  kV  SiC  rectifiers  ever  reported  [15],  as  well  as 
doping  concentrations  high  enough  that  a  wide  variety  of  contact  metals  form  ohmic  contacts 


Table  1.  Comparison  of  selected  semiconductor  room 
temperature  physical  properties. 


Si 

GaAs 

6H-SiC 

4H-SiC 

3C-SiC 

Bandgap  (eV) 

1.1 

1.42 

3.0 

3.2 

2.3 

Breakdown  Field 
®  10^^  crrr^  (MV/cm) 

0.6 

0.6 

3.2 

3 

>  1.5 

Electron  Mobility 
®  1 0’®  cmr^  (cmV  V-s) 

1100 

6000 

370 

800 

750 

Saturated 
Electron  Drift 
Velocity  (cm/s) 

10^ 

8x10® 

2X  10^ 

2X  10^ 

2.5x10^ 

Thermal 

Conductivity  (W/cm-K) 

1.5 

0.5 

4.9 

4.9 

5.0 

Hole  Mobility 
@  1 0’®  cm®  (cmV  V-s) 

420 

320 

90 

115 

40 

Commercial  Wafers 

12" 

6" 

1.375" 

1.375" 

None 
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to  SiC  in  their  as-deposited  state  [16].  Despite  this  recent  accomplishment,  further  reductions 
in  background  epilayer  doping  concentrations  will  be  needed  before  experimental  SiC  devices 
will  be  capable  of  5  to  10  kV  standoff  voltages.  Improvements  in  epilayer  uniformity  and 
surface  morphology  will  also  be  needed  as  SiC  upscales  from  prototype  devices  towards 
production  integrated  circuits,  but  it  is  anticipated  that  technological  maturation  via  refined 
CVD  reactor  designs  and  growth  conditions  will  address  these  problems. 


3.  Discrete  Devices 


A  variety  of  small-area  prototype  SiC  devices  have  been  reported  in  the  literature  in 
recent  years  [17-19],  and  some  have  already  made  their  way  into  the  marketplace.  Blue  light 
emitting  diodes  were  the  first  silicon  carbide  based  devices  to  reach  high  volume  sales,  while 
small  signal  diodes  and  JFET’s  rated  to  350  °C  and  ultraviolet-sensitive  photodiodes  are  more 
recently  introduced  commercial  products  [8].  For  the  most  part,  early  SiC  devices  have  been 
produced  using  nonoptimized  device  designs  and  fabrication  procedures.  Only  limited 
investigations  into  fundamental  SiC  device  processing  techniques,  such  as  contact 
metallization,  ion  implantation,  surface  passivation,  oxidation,  and  etching,  have  been  carried 
out  to  date  [17-19]. 

In  spite  of  the  lack  of  optimized  fabrication  processes,  some  highly  encouraging 
results,  only  some  of  which  are  specifically  mentioned  below,  have  been  obtained  from  a 
variety  of  prototype  SiC  devices.  The  experimentally  realized  power  perfoitnance  of  prototype 
X-band  SiC  MESFET’s  on  highly  parasitic 
low-resistivity  substrates  nevertheless  exceeds 
the  theoretical  maximum  power  output  density 

attainable  in  GaAs  MESFET’s  at  1  GHz  [20,21].  i  s  _ ^ ^ ^ _ 

The  first  microwave  MESFET’s  fabricated  on 

high  resistivity  6H-SiC  substrates  attained  a  t=6oo“c  v^,g=ov 

measured  RF  gain  of  8.5  dB  at  10  GHz  and  an  _  — - - 

fmax  of  25  GHz  [22].  Despite  the  low  mobility  I  ^  q 

of  6H-SiC  in  the  vertical  (c-axis)  direction,  |  /  ^ 

Kimoto  et.  al.  [23]  demonstrated  high  voltage  I  /  ^ - ^ - 

(500  -  1100  V)  6H-SiC  Schottky  rectifiers  %  / 

whose  specific  on-resistances  were  more  than  10  q  o.b  -  /x  . 

times  smaller  than  the  theoretical  minimum 

on-resistances  attainable  in  silicon  Schottky  lf/_- _ 

diodes.  Operation  of  SiC  p-n  junction  diodes,  v^=-i6v 

MOSFET’s,  MESFET’s,  JFET’s,  BJT’s,  and  o.o  ^ .  . •  '  ^ 

thyristors  at  temperatures  above  300  °C  (and  in  o  io  20  30  40 

some  cases  as  high  as  650  °C)  has  been  Drain  to  source  voKage  (V) 

well-established  (Fig.  1)  [17-19].  When  these  Figure  1.  Drain  characteristics  of  a 
unpackaged  devices  are  operated  in  atmospheric  10  pm  x  90  pm  6H-SiC 

environments  at  temperatures  near  600  °C,  buried-gate  JFET  at  600  °C. 

chemical  degradation  of  the  contact  metallizations 

restricts  the  functional  lifetime  to  less  than  a  few  hours  [24],  but  much  longer  600  °C  contact 
lifetimes  have  been  demonstrated  in  inert  non-oxidizing  environments  [25].  Clearly,  reliable 
interconnection,  passivation,  and  packaging  technologies  remain  to  be  developed  and  proven 
before  SiC  devices  can  become  truly  useful  in  extreme  high- temperature  environments. 

Given  the  extreme  usefulness  and  success  of  MOSFET-based  electronics  in  silicon,  it 
is  naturally  desirable  to  implement  high-performance  inversion  channel  MOSFET’s  in  SiC. 
Research  results  to  date  indicate  that  the  quality  of  the  Si02  formed  by  thermal  oxidation  of  n- 
type  6H-SiC  is  comparable  to  oxides  used  for  silicon  MOSFET’s  [26].  However,  thermal 
oxides  grown  on  p-type  6H-SiC  are  generally  poorer,  exhibiting  higher  fixed  charge  and 
interface  state  densities.  This  leads  to  low  inversion  channel  electron  mobilities  that  seriously 
degrade  the  performance  of  n-channel  MOSFET’s  [27].  However,  on-going  work  towards 
improving  the  electrical  quality  of  oxides  on  p-type  SiC  [28,29]  offers  some  encouragement 
that  the  predicted  advantages  of  inversion  channel  SiC  N-MOSFET’s  (especially  vertical 
power  SiC  MOSFET’s  [2])  might  be  realized.  Since  SiC  devices  will  be  operating  at  higher 


Drain  to  Source  Voltage  (V) 


Figure  1.  Drain  characteristics  of  a 
10  pm  X  90  pm  6H-SiC 
buried-gate  JFET  at  600  °C. 
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electric  fields  and  temperatures  than  their  silicon-based  counterparts,  challenging  oxide  and 
other  surface  passivation  reliability  issues  will  undoubtedly  be  faced  as  the  technology 

progresses  forward.  .  . 

Though  many  of  the  SiC  devices  described  above  exhibit  very  promising  area- 
normalized  performances,  micropipe  defects  present  in  the  SiC  wafers  (and  propagate  into 
subsequently  grown  homoepilayers)  prevent  small-area  prototype  power  device  results  from 
being  scaled-up  into  useful  large-area  (>  1  mm^),  multi-amp  power  devices  [30].  The 
micropipe  defects  generally  lead  to  junction  breakdown  at  electric  fields  well  below  the  known 
critical-field.  Figures  2  (top  view)  and  3  (cross-sectional  view)  show  optical  micrographs  of 
localized  microplasmas  associated  with  premature  reverse-bias  failure  at  micropipes  in  6H-SiC 
devices.  The  origin  of  these  defects  is  still  very  much  a  topic  of  current  debate  and  research 
[31-34],  but  their  density  has  been  steadily  decreasing  at  a  roughly  twofold  rate  every  year  to  a 
present-day  minimum  density  of  55  per  square  centimeter  [35].  The  density  of  dislocation 
defects  has  been  measured  on  the  order  of  10,000  cm'^,  but  these  defects  are  apparently  not 
nearly  as  detrimental  (as  evidenced  by  SiC  prototype  device  performances)  as  micropipes.  The 
fact  that  areas  larger  than  1  mm^  within  SiC  Lely-platelet  crystals  (which  are  not  considered 
suitable  for  mass  production)  have  been  observed  to  be  totally  free  of  dislocations  and 
micropipes  [31]  suggests  that  these  defects  are  perhaps  preventable. 


Figure  2.  Top  view  of  highly  localized 
microplasmas  observed  in  the 
near-dark  on  a  probing  station  as  a 
6H-SiC  transistor  fails  due  to  the 
presence  of  micropipes. 


Figure  3.  Cross-sectional  view  (~  400X) 
of  localized  failure  microplasma 
in  micropipe  running  through  a 
6H-SiC  p-n  junction. 

After  Ref.  [30]. 


4.  Integrated  Circuits 

Although  they  have  a  severe  impact  on  high-field  power  devices,  the  micropipes 
appear  to  be  less  of  a  problem  for  signal-level  electronics  where  devices  are  operated  at  much 
lower  electric  fields.  This  is  evidenced  by  the  recent  achievement  of  Brown  and  co-workers  at 
General  Electric,  who  successfully  tabricated  the  first  complete  monolithic  integrated  SiC 
operational  amplifier  chips  [36].  The  1  mm  x  2  mm  op-amp  chip  shown  in  Figure  4  exhibited 
yields  far  higher  than  could  be  expected  if  micropipes  were  fatal  to  the  active  devices  in  this 
low-voltage  circuit.  Based  on  highly  conservative  7  pm  design  rules,  the  circuit  demonstrated 
49  to  54  dB  gains  and  bandwidths  of  724  kHz  to  269  kHz  as  temperature  increased  from  25 
°C  to  300  °C.  The  chip  was  based  on  depletion  mode  n-channel  MOSFET  technology,  which 
alleviated  the  present  difficulties  associated  with  p-type  SiC  oxides  needed  to  fabricate 
inversion  channel  N-MOSFET’s  [37]. 
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An  indication 
that  the  p-type  oxide 
problems  can  be 
overcome  somewhat 
can  be  found  in  the 
work  of  Xie  and 
co-workers  at 
Purdue  University 
[38],  who  recently 
demonstrated  SiC 
digital  integrated 
circuits  based  on 
inversion  channel 
N-MOSFET’s. 

Basic  digital  logic 
gates,  latches, 
flip-flops,  binary 

counters,  and  half  adder  circuits  with  up  to  a  dozen  transistors  were  fabricated  and 
successfully  operated  over  the  temperature  range  from  25  °C  to  300  °C.  These  circuits  are 
envisioned  as  first-generation  prototypes  for  on-chip  peripheral  logic  to  drive  1 -transistor 
non-volatile  random  access  memory  (NVRAM)  arrays  [39],  but  clearly  demonstrate  the 
present  feasibility  of  small  SiC  digital  integrated  circuits.  It  is  anticipated  that  increasingly 
larger  digital  circuits  will  be  demonstrated  in  the  near  future,  but  the  functional  sizes  and  yields 
of  such  circuits  will  probably  be  influenced  by  the  aforementioned  crystal  growth  uniformity 
and  defect  issues. 


Figure  4.  Photo  micrograph  of  SiC  MOSFET  operational  amplifier 
chip.  The  chip  size  is  1  mm  x  2  mm.  After  Ref.  [36]. 
(Courtesy  of  D.  M.  Brown,  General  Electric  Company) 


5.  Conclusion 

Although  the  advantageous  properties  of  SiC  have  been  known  for  decades,  it  was 
largely  an  enabling  technical  breakthrough  in  crystal  growth  that  made  mass  production  of 
useful  SiC  semiconductor  devices  and  circuits  seem  possible.  This,  coupled  with  an 
acknowledged  growing  need  for  high  temperature  electronics,  has  led  to  SiC’s  accelerated 
development  over  the  last  half-decade.  Although  progress  to  date  has  yielded  a  few  products 
and  highly  encouraging  prototype  results,  some  crucial  technical  obstacles  remain  to  be  solved 
before  SiC  can  achieve  its  true  potential.  It  is  of  paramount  importance  that  crystal  growth 
continue  to  improve,  as  larger  wafers  with  far  lower  defect  densities  and  improved  epilayer 
doping  and  thickness  control  will  be  required  for  the  majority  of  envisioned  SiC  electronic 
products.  When  combined  with  the  continued  maturation  of  device  processing  and  high 
temperature  packaging  technologies,  an  increasingly  capable  variety  of  SiC  devices  and 
circuits  will  evolve  to  meet  the  system  demands  for  hostile-environment  electronics. 


References 

[1]  Hingorani  N  G  and  Stahlkopf  K  E  1993  Scientific  American  269  (5)  78-85 

[2]  Bhatnagar  M  and  Baliga  B  J  1993  IEEE  Trans.  Electron  Devices  40  645-655 

[3]  Trew  R  J,  Yan  J-B  and  Mock  P  M  199 1  Proc.  IEEE  79  598-620 

[4]  Nieberding  W  C  and  Powell  J  A  1982  IEEE  Trans,  on  Industrial  Elect.  29  103-106 

[5]  Przybylko  S  J  1993  American  Institute  of  Aeronautics  and  Astronautics  Report  AIAA 
93-2581 

[6]  Tairov  Y  M  and  Tsvetkov  V  F  1978  J.  Cryst.  Growth  43  209-212 

[7]  Barrett  D  L,  Seidensticker  R  G,  Gaida  W,  Hopkins  R  H  and  Choyke  W  J  1991  J.  Cryst. 
Growth  109  17-23 

[8]  Cree  Research,  Inc.  (Durham,  NC) 

[9]  Schaffer  W  J,  Negley  G  H,  Irvine  K  G  and  Palmour  J  W  1994  to  appear  in  Diamond. 
SiC.  and  Nitride  Wide-Bandgap  Semiconductors  Materials  Research  Society  Symposia 
Proceedings  (Pittsburgh,  PA:  Materials  Research  Society) 


6 


[10]  Lomakina  G  A  1973  Silicon  Carbide- 1973  (Columbia,  SC:  University  of  South  Carolina 
Press)  520-526 

[1 1]  Neudeck  P  G,  Larkin  D  J,  Starr  J  E,  Powell  J  A,  Salupo  C  S  and  Matus  L  G  1994  IEEE 
Trans.  Electron  Devices  41  826-835 

[12]  Powell  J  A,  Petit  J  B  and  Matus  L  G  1991  Trans.  Istlnt.  High  Temperature  Electronics 
Conf.  (Sandia  National  Laboratories:  Albuquerque,  NM)  192-197 

[13]  Larkin  D  J,  Neudeck  P  G,  Powell  J  A  and  Matus  L  G  1994  to  appear  in  Appl.  Phys. 
Lett. 

[14]  Larkin  D  J,  Neudeck  P  G,  Powell  J  A  and  Matus  L  G  1994  Silicon  Carbide  and  Related 
Materials  Institute  of  Physics  Conference  Series  137  (Bristol,  United  Kingdom:  lOP 
Publishing)  51-54 

[15]  Neudeck  P  G,  Larkin  D  J,  Powell  J  A,  Matus  L  G  and  Salupo  C  S  1994  Appl.  Phys. 
Lett.  64  1386-1388 

[16]  Petit  J  B,  Neudeck  P  G,  Salupo  C  S,  Larkin  D  J  and  Powell  J  A  1994  Silicon  Carkde 
and  Related  Materials  Institute  of  Physics  Conference  Series  137  (Bristol,  United 
Kingdom:  lOP  Publishing)  679-682 

[17]  Davis  R  F,  Kelner  G,  Shur  M,  Palmour  J  W  and  Edmond  J  A  1991  Proc.  IEEE  79 
677-701 

[18]  Spencer  M  G,  Devaty  R  P,  Edmond  J  A,  Khan  M  A,  Kaplan  R  and  Rahman  M  1994 
Silicon  Carbide  and  Related  U'dtQii'dls  Institute  of  Physics  Conference  Series  13  7 
(Bristol,  United  Kingdom:  lOP  Publishing)  465-690 

[19]  King  D  B  and  Thome  F  V  1994  Sessions  X  &  XlTrans.  2nd.  Int.  High  Temperature 
Electronics  Conf.  (Charlotte,  NC)  X-1  -  XI-28 

[20]  Sriram  S  et  ari994  Silicon  Carbide  and  Related  Materials  Institute  of  Physics 
Conference  Series  137  (Bristol,  United  Kingdom:  lOP  Publishing)  491-494 

[21]  Weitzel  C  E,  Palmour  J  W,  Carter  C  H  Jr.  and  Nordquist  K  J  1994  this  volume 

[22]  Sriram  S  et  al  1994  52nd  Annual  IEEE  Device  Research  Conference  (Boulder,  CO) 

[23]  Kimoto  T,  Itoh  A,  Umshidani  T,  Jang  S  and  Matsunami  H  1994  this  volume 

[24]  Neudeck  P  G,  Petit  J  B  and  Salupo  C  S  1994  Trans.  2nd.  Int.  High  Temperature 
Electronic  Conf  (Charlotte,  NC)  X-23-28 

[25]  Crofton  J,  Williams  J  R,  Bozack  M  J  and  Barnes  P  A  1994  Silicon  Carbide  and  Related 
Materials  Institure  of  Physics  Conference  Series  137  (Bristol,  United  Kingdom:  lOP 
Publishing)  719-722 

[26]  Brown  D  M,  Ghezzo  M,  Kretchmer  J,  Downey  E,  Pimbley  J  and  Palmour  J  1994  IEEE 
Trans.  Electron  Devices  41  618-620 

[27]  Sheppard  S  T,  Melloch  M  R  and  Cooper  J  A  Jr.  1994  IEEE  Trans.  Electron  Devices  41 
1257-1264 

[28]  Ouisse  T,  Becourt  N,  Templier  F  and  Jaussaud  C  1993  J.  Appl  Phys.  75  604-607 

[29]  Shenoy  J,  Lipkin  L  A,  Chindalore  G,  Pan  J,  Cooper  J  A  Jr.,  Palmour  J  W  and  Melloch 
M  R  1994  this  volume 

[30]  Neudeck  P  G  and  Powell  J  A  1994  IEEE  Electron  Device  Lett.  15  63-65 

[31]  Fazi  C,  Dudley  M,  Wang  S  and  Ghezzo  M  1994  Silicon  Carbide  and  Related  Materials 
Institute  of  Physics  Conference  Series  137  (Bristol,  United  Kingdom:  lOP  Publishing) 
487-490 

[32]  Wang  S,  Dudley  M,  Carter  C  Jr.,  Asbury  D  and  Fazi  C  1993  Applications  oj 
Synchrotron  Radiation  Techniques  to  Materials  Science  Materials  Research  Society 
Symposia  Proceedings  307  (Pittsburgh:  Materials  Research  Society)  249-254 

[33]  Stein  R  A  1993  Physica  B  185  211-216 

[34]  Yang  J-W  1993  Case  Western  Reserve  University  Ph.  D.  thesis  (Cleveland,  OH) 

[35]  Palmour  J  W  1994  personal  communication 

[36]  Brown  D  M,  Ghezzo  M,  Kretchmer  J,  Krishnamurthy  V,  Michon  G  and  Gate  G  1994 
Trans.  2nd.  Int.  High  Temperature.  Electronics  Conf  (Charlotte,  NC)  XT  17-22 

[37]  Krishnamurthy  V,  Brown  D  M,  Ghezzo  M,  Kretchmer  J,  Hennessy  W,  Downey  E  and 
Michon  G  1994  Silicon  Carbide  and  Related  Materials  Institute  of  Physics  Conference 
Series  137  (Bristol,  United  Kingdom:  lOP  Publishing)  483-486 

[38]  Xie  W,  Pan  J,  Cooper  J  A  Jr.  and  Melloch  M  R  1994  this  volume 

[39]  Xie  W,  Johnson  G  M,  Yang  Y,  Cooper  J  A  Jr.,  Palmour  J  W,  Lipkin  L  A,  Melloch  M  R 
and  Carter  C  H  Jr.  1994  this  volume 


Inst.  Phys.  Conf.  Ser.  No  141 :  Chapter  1 

Paper  presented  at  Int.  Symp.  Compound  Semicond.,  San  Diego,  18-22  September  1994 
©  1995  lOP  Publishing  Ltd 


1 


Ballistic  Electron  Transport  and  Superconductivity  in  Mesoscopic 
Nb-(InAs/A!Sb)  Quantum  Well  Heterostructures. 

Herbert  Kroemer,  Chanh  Nguyen*,  and  Evelyn  L.  Hu 

ECE  Depariment,  University  of  California 
Santa  Barbara,  CA  93106 

Abstract.  When  superconductors  and  semiconductors  are  brought  into  barrier- 
free  contact,  the  electrons  can  interact  across  the  interface  and  the  transport 
properties  on  the  semiconductor  side  of  the  interface  can  get  drastically 
modified.  Under  favorable  conditions,  the  entire  structure  may  become 
superconducting.  The  modification  of  the  semiconductor  properties  is  due  to 
so-called  Andreev  Reflections.  The  preferred  semiconductor  for  such 
experiments  is  InAs,  especially  in  the  form  of  modulation-doped  quantum 
wells  with  AlSb  banders. 


1.  Introduction 

Throughout  their  history,  the  fields  of  semiconductors  and  of  superconductors  have 
developed  in  parallel,  with  little  overlap  or  interaction  between  those  two  solid-state 
disciplines.  During  the  last  few  years,  a  small  but  increasing  group  of  researchers  have 
crossed  over  the  boundary  between  the  two  fields,  which  has  led  to  great  mutual 
stimulation,  and  the  area  of  overlap  between  the  two  fields  is  rapidly  becoming  an  area  of 
intense  research  activity.  The  puipose  of  this  paper,  written  by  a  participant  coming  from 
the  semiconductor  side  of  the  boundary,  is  to  introduce  his  fellow  semiconductor 
researchers  to  these  developments. 

When  a  superconductor  and  a  semiconductor  are  brought  together  into  atomically 
intimate  contact,  with  an  interface  that  is  free  from  intervening  oxides  and/or  contaminants, 
and  which  does  not  form  an  electron-blocking  Schottky  barrier,  the  electrons  in  the  two 
materials  can  interact  with  each  other  in  ways  that  can  drastically  alter  the  current  flow 
through  what  may  be  called  “super-semi-super  double  heterostructures.”  Under  favorable 
conditions,  superconductivity  may  be  induced  in  the  semiconductor  itself.  The  key  point  is 
that  the  interface  must  be  of  such  a  quality  that  information  about  the  phase  of  the  Cooper 
pair  wave  functions  is  preserved  in  the  electron  transfer  across  the  semiconductor. 

Although  transport  across  SpSm  interfaces  has  been  studied  using  other  semiconductor 
systems  [1-3],  our  own  work  since  1989  indicates  that  the  effects  of  interest  are  most 
pronounced  in  structures  in  which  the  semiconductor  is  InAs,  specifically,  InAs  in  the  form 
of  quantum  wells  with  AlSb  banders  [4-8],  in  planar  structures  with  a  basic  cross-sectional 
geometry  as  shown  in  Fig.  1.  The  present  paper  therefore  restricts  itself  to  structures  of  this 
kind,  in  all  cases  with  Nb  electrodes. 


Now  at  Hughes  Research  Laboratories,  Malibu,  CA  90265 
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Fig.  1.  Cross-sectional  geometry  of  the  basic  InAs- 
AlSb  quantum  well  structures  employed  in  this  work. 


•  j  •  The  principal  reason  why 

I  J  InAs  should  be  the  most  suitable 

_  I  semiconductor  is  that  the  Fermi 

I .  level  at metal-to-InAs  interfaces 

10-15  nm  is  pinned  inside  the  InAs 

t  conduction  band,  leading  to 

contacts  without  significant 
Schottky  barriers  impeding  the 

^  ^  free  coupling  of  electrons 

Fig.  1.  Cross-sectional  geometry  of  the  basic  InAs- 

AlSb  quantum  well  structures  employed  m  this  work.  advantage  was  already  pointed 

out  by  Clark  et  al.  in  their 
proposal  for  a  hybrid  Josephson 

FET’s  (JOFET’s)  [9].  In  fact,  much  of  the  present  work  on  SpSm  stmctures  —  certainly 
our  own  —  was  probably  stimulated  by  that  work. 

A  second  advantage  of  InAs  is  that  it  has  higher  electron  mobilities  than  any  other  III-V 
compound  except  InSb.  However,  in  bulk  InAs,  or  homo-epitaxial  InAs  layers,  this 
advantage  can  be  utilized  only  to  a  limited  extent,  because  the  high  electron  concentrations 
required  for  induced  superconductivity  require  doping  levels  that  drastically  reduced  the 
low- temperature  mobilities  through  impurity  scattering.  It  is  for  this  reason  that  in  all  of  our 
own  work  we  have  used  the  InAs  in  the  form  of  modulation-doped  narrow  (10-15nm)  InAs 
quantum  wells  with  AlSb  barriers.  Because  of  the  very  high  barriers  (L35eV  [10])  at  the 
InAs-AlSb  interface  these  quantum  wells  are  very  deep,  which  makes  it  possible  to  achieve 
very  high  electron  concentrations  inside  the  wells  while  maintaining  high  electron 
mobilities  [11].  The  work  reported  here  employed  MBE-grown  wells  15nm  wide,  with 
electron  sheet  concentrations  of  about  8x10^  ^cm”^,  and  low-temperature  (<  lOK)  electron 
mobilities  of  about  SxlO'^cm^V-^s"^ 

Fig.  2  shows  the  I-V characteristic  of  a  device  with  the  basic  geometry  of  Fig.  1,  with 
gap  of  0.6|im.  at  two  temperatures,  3.9K  and  2.9K.  The  device  width  was  50pm.  Readers 

familiar  with  Josephson  junctions 
will  immediately  recognize  the 

I  <  ■  ■  '-I  ■■■■[■■■■  [ . r . ■-r  -T . j  characteristics  as  “classical” 

!  _ 2.9  K  ^  Josephson  characteristics 

- 3.9  K  •  (especially  at  the  lower 

1.0-  L=o.6iim  - "  temperature),  albeit  with  an 

;  b = 5o^m  _ .  -  -  ^ '  ‘  unusually  large  critical  current 

_  ■  ■  (20pA/pm),  and  unusually  large 

*1  0.0  1 _ ^  product  (~  1  mV). 

iz*  ■  ■  Furthennore,  such  structures 

-  always  retain  strong  non-linearities 

..|  Q  ^  f  with  a  greatly  enhanced  zero-bias 

-  conductance  even  at  temperatures 

;  !  above  the  onset  of 

-2  0  '' . . I  ■  ■  ■  ■  ~  superconductivity  (~3.9K  in  the 

.2  0  -1.0  0.0  1.0  2.0  present  case),  decreasing  with 

Y  increasing  temperature,  but 

remaining  visible  all  the  way  up  to 
until  the  Nb  electrodes  themselves 
Fig.  2.  Josephson-type  l-V  characteristics  of  a  device  go  normal, 
with  0.6pm  electrode  separation,  at  two  temperatures 
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2.  Andreev  Reflections 

2.L  Basic  Concept 

The  work  of  Clark  et  al.  cited  above  assumed  that  the  mechanism  of  supercurrent  transport 
through  the  semiconductor  is  what  we  would  like  to  call  the  conventional  proximity  effect, 
basically  a  form  of  Cooper  pair  tunneling  through  the  normal  part  of  the  structure,  as 
discussed  in  many  textbooks.  However,  in  the  last  few  years  it  has  become  clear  that  in  the 
kind  of  SpSm  structures  of  interest  here  the  proximity  effect  is  dramatically  enhanced  by  a 
phenomenon  Andreev  reflections  (AR’s),  a  concept  originated  thirty  years  ago  by 
Andreev  [12],  but  receiving  major  attention  only  during  the  last  few  years,  especially 
amongst  those  studying  super-semi  interactions. 

Consider  a  semi-super  interface  between  a  degenerately  doped  semiconductor  and  a 
superconductor.  As  shown  in  Fig.  3,  a  superconducting  energy  gap  has  opened  up  on  the 
superconductor  side.  If  now  an  electron  with  an  energy  E  above  the  Fermi  level  (but  still 
inside  this  gap)  is  incident  on  the  interface  from  the  semiconductor  side,  the  absence  of 
single-particle  states  within  the  gap  prevents  that  electron  from  entering  the  superconductor 
as  a  single  electron,  and  one  might  expect  this  electron  to  be  reflected,  and  the  electrical 
resistance  to  current  flow  across  the  interface  actually  to  increase  at  the  onset  of 
superconductivity  in  the  metal. 

However,  a  single  electi'on  may  pair  up  with  a  second  electron  at  the  same  energy  E 
below  the  Fermi  level,  forming  a  Cooper  pair,  which  can  enter  the  superconductor,  causing 
a  doubling  of  the  current  compared  to  that  in  the  absence  of  superconductivity,  rather  than  a 
reduction.  As  the  electron  below  the  Fermi  level  is  removed  from  the  semiconductor,  it 
leaves  behind  a  hole  below  the  surface  of  the  Fermi  sea.  The  generally  accepted  jargon 
associated  with  this  phenomenon  is  to  say  that  the  incident  electron  is  reflected  as  a  hole, 
and  the  process  itself  is  called  an  Andreev  reflection  (AR). 

In  a  semiconductor  with  a  large  mean  free  path  for  the  electrons  (~3|im  in  our 
structures),  the  Andreev  hole  left  behind  at  the  interface  has  a  large  mean  free  path  itself, 
roughly  equal  to  that  of  the  original  electron,  and  theory  shows  that  the  hole  travels  back 
into  the  semiconductor  along  a  trajectory  that  essentially  re- traces  the  trajectory  of  the 
original  incident  electron.  If  its  mean  free  path  is  sufficiently  large,  the  hole  will  eventually 
reach  the  opposite  superconducting  electrode.  In  the  absence  of  any  bias  across  the 
structure,  the  energy  of  the  hole  is  still  within  the  superconducting  gap  on  that  side.  Such  a 


kT 


(b) 


Fig.  3.  Andreev  reflections,  (a):  Basic  concept,  (b):  Quasi-persistent 
current  flow  by  multiple  Andreev  reflections. 
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hole  cannot  enter  the  superconductor,  but  it  can  be  annihilated  by  breaking  up  a  Cooper 
pair  inside  the  other  superconductor:  One  of  the  electrons  of  the  pair  annihilates  the  hole, 
the  other  electron  takes  up  the  annihilation  energy,  and  is  injected  into  the  semiconductor 
as  a  ballistic  electron  above  the  Fermi  level,  at  an  equal  to  that  of  the  initial  electron.  This 
process,  illustrated  in  Fig.  3b,  can  evidently  be  repeated:  The  Andreev  reflections  act  as 
what  we  might  call  a  “Cooper  pair  pump”  annihilating  Cooper  pairs  on  one  side,  and  re¬ 
constituting  them  on  the  other.  If  all  reflections  of  electrons  and  holes  were  Andreev 
reflections  rather  than  “ordinary”  reflections,  and  if  there  were  no  other  kinds  of  scattering 
processes,  the  result  would  be  a  persistent  current.  However,  perturbations  are  always 
present,  and  we  would  expect  simply  an  enhancement  of  the  conductivity  by  a  factor  equal 
to  the  number  of  ballistic  traverses  before  an  unfavorable  reflection  or  collision  event 
randomize  either  the  electron  or  the  hole  flow  in  this  chain  reaction. 

2.2.  Phase-Coherent  Andreev  Reflections  and  Persistent  Currents 

In  order  to  understand  how  multiple  AR’s  can  lead  to  a  Josephson  junction  behavior 
with  true  supercurrents,  it  is  necessary  to  consider  the  role  of  the  phase  of  the  electron  and 
hole  wave  functions,  neglected  so  far.  In  order  for  the  state  represented  in  Fig.  3b  to  be  a 
stationary  state,  the  round  trip  phase  change  must  be  a  multiple  of  2%,  just  as  the  ordinary 
bound  states  in  a  conventional  GaAs-(Al,Ga)As  are  states  for  which  the  round  trip  phase 
change  is  such  a  multiple  of  27t.  The  big  difference  for  an  AR  stationaiy  state  is  that  the 
phase  on  one  of  the  two  traverses  is  carried  by  an  electron,  on  the  other  traverse  by  a  hole, 
but  this  does  not  change  the  requirement  that  the  total  round-trip  phase  change  be  a 
multiple  of  27r.  In  fact,  with  regard  to  the  electrons  and  holes  in  the  semiconductor  portion 
of  the  structure,  the  stationary  states  may  indeed  be  viewed  as  a  new  kind  of  bound  state, 
albeit  one  that  actually  carries  current,  in  contrast  to  the  cun'ent-less  conventional  bound 
states  in  a  GaAs-(Al,Ga)As  quantum  well. 

That  in  itself  does  not  yet  lead  to  a  supercuixent  through  the  structure:  for  every  bound 
state,  such  as  the  state  shown  in  Fig.  3b  canying  Cooper  pairs  from  the  left  to  the  right, 
there  will  also  be  a  time-reversed  loop  with  the  same  round  trip  phase  shift,  but  with  the 
opposite  direction  of  the  current  flow.  In  thermodynamic  equilibrium,  both  of  these  states 
have  the  same  occupation  probability,  hence  their  cuiTent  contributions  cancel,  and  no  net 
current  will  flow. 

However,  in  order  for  two  superconductors  to  be  in  true  thermal  equilibrium,  it  is 
necessary  that  no  current  would  flow  between  them  even  if  they  were  connected  directly  or 
through  a  conventional  Josephson  junction.  Now  it  is  a  fundamental  fact  of 
superconductivity  that  in  the  presence  of  a  non-zero  phase  difference  between  the  two 
superconductors  (non-zero  here  and  in  the  following  means  modulo  2k) y  a  current  will  flow 
between  them  when  they  are  connected;  tme  thermal  equilibrium  requires  that  the  phases  of 
their  Cooper  pair  wave  function  be  the  same,  or  differ  by  a  multiple  of  2k. 

It  now  turns  out  that  any  phase  difference  between  the  two  superconductors  also 
removes  the  degeneracy  of  the  two  stationaiy  states  of  each  pair  of  Andreev  bound  states. 
Just  as  the  round-trip  phase  change  in  a  GaAs-(Al,Ga)As  quantum  well  contains  a 
contribution  from  the  penetration  into  the  quantum  well  barriers  (this  is  what  causes  the 
bound  state  energies  to  depend  on  the  height  of  the  bairiers),  the  round  trip  phase  change 
for  an  Andreev  loop  depends  on  the  phase  of  the  Cooper  pairs  in  the  two  barriers,  more 
specifically,  on  the  phase  difference  between  the  two  superconductors— the  absolute  phases 
do  not  matter.  If  there  is  zero  phase  difference,  the  two  states  of  each  pair  of  states  have  the 
same  energy,  and  hence  the  same  occupation  probability.  But  when  a  non-zero  phase 
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Fig.  4.  Andreev  “spiral”  in  the  presence  of  a  non¬ 
zero  bias  voltage. 


difference  is  somehow 
introduced,  the  two  states  will 
move  slightly  in  energy  to  re¬ 
establish  their  round-trip  phase 
shifts  of  multiples  of  2k.  These 
energy  shifts  will  be  in  opposite 
direction  for  the  two  states,  that 
is,  their  degeneracy  gets 
removed.  This  in  turn  leads  to 
unequal  occupation  probabilities, 
and  hence  to  non-canceling 
currents  flowing  between  the  two 
superconductors. 


2.3  Andreev  Reflection  Effects  at  Non-Zero  Bias:  Sub-Gap  Structure  in  dl/dV 


Throughout  the  above  discussion  we  had  assumed  that  there  is  no  bias  voltage  applied 
between  the  two  superconducting  electrodes.  In  the  presence  of  a  non- zero  bias,  the 
Andreev  loop  of  Fig.  4b  ceases  to  be  a  closed  loop,  and  develops  into  a  spiral,  as  shown  in 
Fig.  4.  The  number  of  electron/hole  traverses  then  becomes  necessarily  finite,  decreasing 
with  increasing  bias  voltage. 

Whenever,  with  increasing  bias,  the  number  of  traverses  decreases  by  one,  the 
differential  conductance  also  decreases  in  quasi-steplike  fashion,  with  the  steps  occurring  at 
voltages  roughly  equal  to  the  integer  fractions  of  the  superconducting  gap  voltage.  They  are 

readily  visible  in  Fig.  5,  which 
shows  the  differential 
conductance  at  4.2K  as  a 


function  of  voltage  for  one  of  our 
samples  with  a  relatively  large 
Ipm  electrode  spacing,  and  hence 
no  superconductivity  in  the 
temperature  range  investigated 
(>1.4K).  (The  sample  does  show 
a  pronounced  enhancement  of  the 
zero-bias  conductivity). 

The  existence  of  such  a  sub¬ 
harmonic-gap  structure  in  the 
dl/dV  characteristic  is  generally 
considered  the  key  “fingerprint” 
evidence  for  the  presence  of 
pronounced  multiple  AR’s  [13], 


V  [  mV  ] 


and  it  is  in  fact  the  most  direct 


evidence  that  the  electron 


transport  in  the  kind  of  Sp-Sm-Sp 

Fig.  5.  Zero-bias  spike,  and  sub-harmonic  gap  structures  discussed  here  is 

structure  in  the  differential  conductance  dl/dV  vs.  governed  by  multiple  AR’s. 
voltage  at  4.2K  for  a  device  with  Ipm  electrode 


spacing. 
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2. 4.  Recent  Advances 

Our  presentation  has  only  scratched  the  surface  of  the  field  of  Adreev-reflection-mediated 
current  transport  through  Sp-Sm-Sp  double  heterostructures,  concentrating  on  the 
discussion  of  the  general  principles  of  AR’s  rather  than  on  presenting  the  most  recent 
device  results. 

Most  of  our  most  recent  work  involved  not  single-gap  devices  as  in  Fig.  1,  but  series- 
connected  arrays,  made  by  laser  holography,  of  large  numbers  (>  300)  of  nominally 
identical  devices.  This  design  has  a  number  of  advantages,  for  example,  working  with  large 
number  of  series-connected  devices  improves  the  voltage  sensitivity  of  the  measurements 
in  the  range  of  near- vanishing  resistance,  at  temperatures  just  above  the  onset  of 
superconductivity,  and  under  the  influence  of  small  magnetic  fields  —  see  [8]. 


3.  Acknowledgements 

This  work  was  supported  in  part  by  the  Office  of  Naval  Research  and  in  part  by  the 
National  Science  Foundation,  the  latter  through  the  NSF  Science  and  Technology  Center 
for  Quantized  Electronic  Structures,  Grant  DMR  91-20007,  and  through  the  NSF  Materials 
Research  Laboratory  Program,  Award  DMR  912-3048.  One  of  us  (C.N.)  acknowledges  the 
financial  support  from  the  UCSB  Vice  Chancellor’s  Fellowship  for  Advanced  Research  on 
Quantized  Structures. 


References 

[1]  Takayanagi  H  and  Kawakami  T  1985  Phys.  Rev.  Lett.  54  2449-2452. 

[2]  Ivanov  Z,  Claeson  T,  and  Andersson  T  1987  Jpn.  J.  AppL  Phys.  26  Supplement  3 
DP31-32.  (Proc.  18th  Internat.  Conf.  on  Low  Temperature  Physics,  Kyoto,  1987) 

[3]  Nishino  T,  Hatano  M,  Hasegawa  H,  Kure  T,  and  Murai  F  1990  Phys.  Rev.  B  41 
7274-7276. 

[4]  Nguyen  C,  Werking  J,  Kroemer  H,  and  Hu  E  L  1990  AppL  Phys.  Lett.  57  87-89. 

[5]  Nguyen  C,  Kroemer  H,  and  Hu  E  L  1992  Phys.  Rev.  Lett.  69  2847-2850. 

[6]  Kroemer  H,  Nguyen  C,  and  Hu  E  L  1994  Solid-State  Electron.  37  1021-1025. 

[7]  Nguyen  C,  Kroemer  H,  and  Hu  E  L  1994  AppL  Phys.  Lett.  65  103-105. 

[8]  Kroemer  H,  Nguyen  C,  Hu  E  L,  Yuh  E  L,  Thomas  M,  and  Wong  K  C  1994  Physica 
B  to  be  published.  (Proc.  NATO  Advanced  Research  Workshop  on  Mesoscopic 
Superconductivity,  Karlsruhe,  1994) 

[9]  Clark  T  D,  Prance  R  J,  and  Grassie  ADC  1980  J.  AppL  Phys.  51  2736-2743. 

[10]  Nakagawa  A,  Kroemer  H,  and  English  J  H  1989  AppL  Phys.  Lett.  54  1893-1895. 

[11]  Nguyen  C,  Brar  B,  Bolognesi  C  B,  Pekarik  J  J,  Kroemer  H,  and  English  J  H  1993  7. 
Electron.  Mat.  22  255-258. 

[12]  Andreev  A  F  1964  Sov.  Phys.  JETP  19  1228-1231. 

[13]  Klapwijk  T  M,  Blonder  G  E,  and  Tinkham  M  1982  Physica  B+C  109&110  1657- 
1664. 


Inst.  Phys.  Conf.  Ser.  No  141:  Chapter  2 

Paper  presented  at  Int.  Symp.  Compound  Semicond.,  San  Diego,  18-22  September  1994 
©  1995  lOP  Publishing  Ltd 


13 


Optimization  of  InAsSb/InGaAs  Strained-Layer  Superlattice  Growth  by  Metal-Organic 
Chemical  Vapor  Deposition  For  Use  In  Infrared  Emitters 


R.  M.  Biefeld,  K.  C.  Baucom,  D.  M.  Follstaedt,  and  S.  R.  Kurtz 
Sandia  National  Laboratory,  Albuquerque,  NM  87185-0601 

Abstract.  We  have  prepared  InAsSbAnGaAs  strained-layer  superlattices  (SLSs)  by  metal- 
organic  chemical  vapor  deposition  using  a  variety  of  growth  conditions.  The  presence  of  an 
InGaAsSb  interface  layer  was  indicated  by  x-ray  diffraction.  This  interface  effect  was 
minimized  by  optimizing  the  purge  limes,  reactant  flows,  and  growth  conditions.  The  optimized 
growth  conditions  involved  the  use  of  low  pressure,  short  purge  times  between  the  growth  of  the 
layers,  and  no  reactant  flow  during  the  purges.  Electron  diffraction  indicates  that  CuPt-type 
compositional  ordering  occurs  in  InAsj-xSbx  alloys  and  SLSs  which  explains  an  observed 
bandgap  reduction  from  previously  accepted  alloy  values. 


1.  Introduction 

Recent  work  by  Menna  et  al.  on  a  metal-organic  chemical  vapor  deposition  (MOCVD)- 
grown  3.06  pm  diode  laser  yielded  a  maximum  operating  temperature  of  35  K  and  threshold 
current  densities  of  200  -  330  A/cm^  [1].  These  results  indicate  the  potential  of  this  system 
for  making  infrared  devices  and  the  need  for  improved  devices  able  to  operate  in  this 
wavelength  range  at  higher  temperature[l].  We  are  continuing  to  explore  the  growth  of 
InAsi-xSbx/Ini-yGayAs  SLS’s  for  their  possible  use  in  mid-wave,  2-6  pm  infrared 
optoelectronic  and  heterojunction  devices.  This  system  was  chosen  because  the 
compositions  span  the  2-6  pm  wavelength  range  and  they  can  be  grown  lattice  matched  to 
InAs  with  type  I  band  offsets.  Our  previous  studies  of  the  InAsSb  ternary  system  have 
demonstrated  accurate  composition  control  through  the  use  of  a  thermodynamic  model 
[2,3].  We  have  made  high  quality  infrared  detectors  in  our  laboratory  from  doped  strained- 
layer  superlattices  (SLS's)  grown  by  MOCVD  in  the  Sb  rich  end  of  this  ternary[2,3].  We 
have  focused  our  recent  efforts  on  the  growth  of  InAspxSbx/Ini-yGayAs  heterostructures 
on  InAs  with  emphasis  on  the  growth  and  characterization  of  the  InAsSb  layers  due  to  the 
importance  of  this  material  in  the  active  devices  [4,5].  We  reported  detailed  growth 
conditions  for  InAsi-xSbx/Ini-yGayAs  SLS's  and  InAsl-xSbx  alloys  [4].  We  have  also 
reported  on  an  optically  pumped  laser  stripe  constructed  from  these  strained  heterostructures 
with  emission  at  4  pm  and  the  growth  and  characterization  of  a  4  pm  infrared  photodiode, 
both  of  which  operated  up  to  =100  K  [5].  The  efficiency  of  emitters  in  the  2-6  pm  range  is 
usually  limited  by  Auger  processes  [4,5].  The  increased  electron-hole  effective  mass  ratio 
of  biaxially  compressed  InAsSb  reduces  the  Auger  transition  rates  and  increases  the  infrared 
emission.  In  the  present  work,  we  determined  the  effects  of  growth  conditions,  purge  times, 
and  reactant  flow  sequences  on  the  x-ray  diffraction  patterns  of  these  SLS’s  from  a  series  of 
experiments.  Herein  we  discuss  the  details  of  the  growth  conditions  and  characterization 
results  and  the  applicability  to  infrared  devices  of  As  rich  InAsi-xSbx  materials  . 


2.  Experimental 

This  investigation  was  carried  out  in  a  previously  described  horizontal  MOCVD  system  [6]. 
The  sources  of  In,  Sb  and  As  were  trimethylindium  (TMIn),  trimethylantimony  (TMSb), 
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trimethylgallium  (TMG),  and  100  percent  arsine  (ASH3),  respectively.  Hydrogen  was  used 
as  the  carrier  gas  at  a  total  flow  of  8  SLM.  The  VAII  ratio  was  varied  from  2.7  to  10.3  over 
a  temperature  range  of  475-525  ^C,  at  total  growth  pressures  of  200  to  660  Torr  and  growth 
rates  of  0.75  to  3.0  p.m/h.  The  group  V  molar  fraction  of  TMSb  in  the  vapor  phase 
[nTMSb/(nTMSb  +  nAsH3)]  was  varied  from  0.06  to  0.09. 

The  growth  was  performed  on  (001)  InAs  substrates.  InAs  was  cleaned  by  degreasing 
in  solvents  and  deionized  water.  It  was  then  etched  for  20  to  30  seconds  in  a  50: 1  mixture 
of  sulfuric  acid  and  hydrogen  peroxide,  rinsed  with  deionized  water  and  blown  dry  with 
nitrogen. 

Sb  compositions,  x,  reported  for  the  InAsi-xSbx  layers  were  determined  by  x-ray 
diffraction  using  a  Cu  x-ray  source  and  a  four  crystal  Si  monochromator.  The  (004) 
reflection  was  used  to  measure  the  lattice  constant  normal  to  the  growth  plane  and  the  (1 15) 
or  (335)  reflections  were  used  to  determine  the  in-plane  lattice  constant  [6].  In  this  way  the 
composition  determination  is  coirected  for  partial  strain  relaxation  by  misfit  dislocations. 
The  simulations  were  done  using  the  Bede  RADS  program. 

The  optical  properties  of  these  SLS's  were  determined  by  infrared  photoluminescence 
and  absorption  measurements.  Infrared  photoluminescence  was  measured  at  14  K  using  a 
double-modulation  technique  which  provides  high  sensitivity,  reduces  sample  heating,  and 
eliminates  the  blackbody  background  from  infrared  emission  spectra  [7]. 

Cross-sectional  specimens  of  some  samples  were  prepared  for  transmission  electron 
microscopy  (TEM)  by  cleaving  along  (110)  and  epoxy ing  two  alloy  surfaces  together.  TEM 
examination  was  done  using  a  Philips  CM20T  (200  keV)  microscope.  The  specimens  were 
examined  in  a  <110>  direction  perpendicular  to  the  [001]  growth  direction.  Both 
transmission  electron  diffraction  (TED)  patterns  and  TEM  images  were  obtained. 


3.  Results  And  Discussion 

The  growth  results  for  the  As  rich  end  of  the  InAsi-xSbx  ternary  are  similar  to  those 
described  previously  for  the  Sb  rich  end  of  the  ternary  [2].  The  growth  rate  was  found  to  be 
proportional  to  the  TMIn  and  the  TMGa  flow  into  the  reaction  chamber  and  independent  of 
the  TMSb  and  AsH3  flow.  The  observed  trends  for  the  effects  of  input  vapor  concentrations 
on  the  resulting  solid  composition  can  be  described  by  a  thermodynamic  model  [2].  The 
model  predicts  that  the  more  stable  II W  compound  will  control  the  composition.  For  the 
InAsSb  system  when  the  vapor  phase  IIVV  ratio  <  1,  As  is  preferentially  incorporated  into 
the  solid  and  the  solid- vapor  distribution  coefficient  of  Sb  (/:Sb)  is  <  1.  This  is  because  InAs 
has  a  lower  free  energy  of  formation  than  InSb  at  475-525  ^C.  For  IIIA^  ratios  close  to  one, 
ksb  approaches  one  and  for  IIW  ^  1,  ^Sb  =  1-  When  IIVV  >  1,  all  of  the  As  and  Sb  will  be 
incorporated  into  the  solid.  Some  slight  deviations  from  the  predicted  behavior  of  the 
thermodynamic  model  are  observed  for  the  present  results.  For  some  samples  grown  at  475 
®C,  ksh  appears  to  be  >  1  .  This  can  be  explained  by  the  incomplete  decomposition  of 
AsH3  at  temperatures  below  500  [2,8] 

An  x-ray  diffraction  pattern  of  the  (004)  reflection  of  a  selected  InAsi-xSbx/Ini- 
yGayAs  SLS  (  CVD1263)  grown  on  InAs  is  shown  in  Figure  1.  The  pattern  shows  the 
intense  InAs  peak  and  as  well  as  the  satellites  due  to  the  SLS.  This  sample  was  grown  at 
atmospheric  pressure  with  30  second  purges  between  layers  with  uninterrupted  ASH3  flow. 
The  calculated  pattern  shown  in  curve  C  is  for  an  InAso.9Sbo.i/  Ino.9lGao.09 As  SLS  with 
100  A/  130  A  layer  thicknesses.  The  slight  asymmetry  and  the  width  of  the  peaks  in  the 
observed  pattern  is  most  likely  due  to  the  existence  of  an  interface  layer  between  the  layers 
in  the  SLS.  High  resolution  TEM  confirms  the  existence  of  an  interface  layer  in  similar 
samples.  Several  simulations  were  tried  in  an  effort  to  match  the  observed  spectrum.  If  the 
thickness  and  composition  of  both  the  InGaAs  and  InAsSb  layers  were  varied  then  the 
pattern  became  uniformly  broad.  If  only  the  Sb  composition  and  layer  thickness  was  varied 
in  the  InAsSb  layer  but  the  sum  of  the  thickness  of  both  layers  remained  constant  then  the 
pattern  remained  symmetric  and  sharp.  If  the  compositions  of  the  layers  including  two  Ini- 
xGaxAsi-ySby  interface  layers  were  varied  but  the  total  period  remained  constant  the 
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Figure  1.  Curve  A  is  the  observed  x-ray  diffraction  pattern  of  the  (004)  reflection  of 
CVD1263.  It  is  compared  to  calculated  patterns  in  the  lower  curves  to  illustrate  the 
improved  match  when  interface  layers  are  included  in  the  x-ray  simulation  B  when 
compared  to  a  simulation  with  no  interface  layers  shown  in  C. 

simulation  produced  uniformly  broadened  peaks.  The  best  match  was  obtained  by  varying 
the  composition  and  thickness  of  the  InAsSb  layer  and  the  interface  layers  through  the 
structure  with  no  variations  for  the  InGaAs  layer.  This  simulation  is  also  illustrated  in 
Figure  1,  curve  B  as  explained  below. 

In  Figure  1,  curve  B,  the  calculated  pattern  is  for  a  structure  that  consists  of  100 
layers  grouped  in  five  segments  with  different  interface  layer  compositions  and  thicknesses. 
The  structure  contains  the  basic  period  of 

Ini-xGaxAsi-ySby/InAsi-zSbz  /Inl-xGaxAsi-ySby  /  Ini-wGawAs, 

where  the  two  interface  layers  are  identical.  The  Inl-wGawAs  layers  are  invariant 
throughout  the  structure  with  compositions  of  w  =  0.09,  and  thicknesses  of  1 10  A  each.  The 
thickness  of  the  InAsl-zSbz  layers  are  all  equal  but  the  composition  varies  from  z  =  0.06  to 
0.08  in  4  steps  of  0.005.  Both  the  composition  and  the  thickness  of  the  interface  layers 
change  with  the  layer  thickness  varying  from  2  to  10  A  in  steps  of  2  A  and  the  Sb 
composition  changing  from  z  =  0.05  to  0.09  while  the  Ga  composition  remains  unchanged  at 
X  =  0.1.  The  order  of  the  layers  makes  no  difference  to  the  calculated  pattern.  This 
simulated  pattern,  curve  B,  is  a  good  match  to  the  observed  pattern,  cun^e  A,  and  is  support 
for  the  existence  of  an  interface  layer  as  the  explanation  for  the  width  and  asymmetry 
observed  in  the  x-ray  diffraction  pattern. 

A  variety  of  growth  conditions  were  explored  in  an  effort  to  improve  the  sharpness 
of  the  x-ray  diffraction  pattern.  The  optimum  x-ray  diffraction  pattern  was  obtained  at  200 
Torr  with  a  10  second  growth  interrupt  at  475  ^C,  a  V/III  ratio  of  7,  a  growth  rate  of  1.8 
jj.m/hour,  and  no  reactants  flowing  during  the  interrupt.  An  x-ray  diffraction  pattern  of  an 
SLS  grown  using  the  optimum  growth  technique  was  simulated  without  using  interface 
layers  and  a  very  good  match  between  the  observed  and  calculated  pattern  was  obtained. 
This  improvement  is  due  to  the  minimization  of  exposure  of  the  InAsSb  surface  to  AsH3 
and/or  As.  Extended  AsHs/As  exposures  are  known  to  cause  interface  roughening  in  the 
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InGaAsPAnP  and  InAs/GaSb  systems  [9,10].  The  presence  of  Ga  in  these  layers  can  not  be 
explained  by  the  alteration  in  the  purging  times  and  gas  flows  since  no  TMGa  was  used 
during  the  purges.  The  presence  of  Ga  in  the  interfaces  must  be  due  to  either  the  roughness 
of  the  surfaces  which  enables  mixing  of  Ga  into  the  InAsSb  layers  at  the  interface  or  the 
diffusion  of  Ga  into  the  InAsSb  during  growth. 

The  bandgap  of  the  unstrained,  InAso,9Sbo.i  alloy  was  determined  to  be 
approximately  270  meV  from  optical  studies  of  bulk  ternary  alloy  and  subsequent  studies  of 
SLSs  and  quantum  wells.  The  accepted  value  for  InAso.9Sbo.i  is  ==  330  meV  [8]. 
Throughout  our  studies  of  As-rich,  InAsSb  (5-50%  Sb),  the  optically  determined  bandgap  of 
InAsSb  alloys  was  smaller  than  accepted  values  [5,1 1].  This  InAsSb  bandgap  anomaly  was 
observed  in  both  MOCVD  and  MBE  grown  samples. 

The  TED  patterns  for  InAsi-xSbx  (x=0.07-0.14)  alloys  and  an  InGaAs/InAsSb  SLS 
show  bright  reflections  of  the  [110]  zone  pattern  of  the  zinc-blende  lattice  as  well  as  non¬ 
zinc-blende  reflections  at  half  the  distance  between  (000)  and  (111}  spots.  These  weak 
reflections  indicate  that  compositional  ordering  of  the  Cu-Pt  type  is  occurring  on  the 
{111}B  planes  of  the  group- V  sublattice  which  is  the  same  type  as  that  which  was 
previously  observed  for  InAso.6Sbo.4  alloys  and  SLSs  [11].  Compositional  ordering  of 
InAsSb  should  result  in  bandgap  reduction  as  seen  above  even  for  low  Sb  concentrations 
[11,12]. 

In  conclusion,  we  have  established  the  growth  conditions  for  InAsi-xSbxAni- 
yGayAs  SLS's.  The  vapor-solid  distribution  coefficient  for  Sb  can  be  described  by  a 
thermodynamic  model.  The  PL  peak  energies  of  the  SLS's  and  alloys  grown  under  the 
conditions  of  this  study  are  lower  than  those  previously  reported.  The  lower  energy 
anomaly  in  these  SLSs  is  probably  due  to  ordering  which  is  observed  in  InAsi.xSbx  alloys 
and  SLSs.  We  anticipate  that  with  these  improvements  in  material  quality,  we  should  soon 
realize  a  reduction  of  Auger  rates  and  higher  temperature  operation  of  midwave  emitters 
with  biaxially  compressed  InAsSb. 
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Abstract:  The  growth  of  AlSb  and  GaSb  by  MOMBE  (utilizing  trimethylaminealane  and 
triethylgallium)  has  been  studied.  We  have  explored  the  effects  of  temperature  and  V/III  flux  ratio 
on  the  growth  rates  using  RHEED  and  cross-sectional  TEM  studies.  Both  compounds  exhibit  a 
very  strong  decrease  in  growth  rate  with  decreasing  temperature  and/or  increasing  antimony  flux. 
Conditions  under  which  device  quality  material  can  be  obtained  in  the  500  °C  temperature  range 
will  be  reported.  Results  are  also  compared  with  those  for  antimonide  growth  in  MBE  and 
arsenide  growth  in  CBE  to  develop  a  better  understanding  of  the  reaction  kinetics. 


i.  Introduction 

A  number  of  novel  devices  such  as  heterojunction-FETs  (Werking  et  al  1992)  and  resonant 
tunneling  diodes  (Soderstrom  et  al.  1989,  Tehrani  et  al  1994)  have  been  demonstrated  using 
the  InAs/(Al,  Ga)Sb  material  system.  A  wide  range  of  band  gap  energies  (0.3  to  1.7  eV), 
large  conduction  band  discontinuities,  and  high  electron  mobility  in  In  As  are  some  of  the 
attractive  features  of  this  material  system.  These  quantum  structures,  consisting  of  very  thin, 
nearly  lattice  matched  layers,  are  typically  grown  by  conventional  MBE  using  elemental  Al  and 
Ga  as  the  group  III  sources  for  the  antimonides.  MOMBE  combines  many  of  the  advantages 
of  MBE  and  MOVPE,  but  relatively  little  has  been  reported  in  the  literature  on  the  growth  of 
these  compounds  by  this  technique,  which  allows  quick  and  accurate  flux  changes  and 
provides  easier  composition  control  for  the  growth  of  ternary  alloys. 

In  this  study,  the  layers  were  grown  on  GaAs  substrates.  A  superlattice  buffer  layer  is 
used  to  reduce  the  density  of  dislocations  caused  by  the  large  lattice  mismatch  («  8%)  and  to 
obtain  strong  intensity  oscillations  in  reflection  high  energy  electron  diffraction  (RHEED)  mea¬ 
surements.  The  growth  of  antimonides  using  solid  Sb,  triethylgallium  (TEG)  and 
trimethylaminealane  (TMAA)  was  investigated.  In  the  past,  triisobutylaluminum  (TIBA)  was 
chosen  over  trimethylaluminum  because  the  strong  Al-C  bonds  in  the  latter  severely  degraded 
layer  quality  in  MOVPE  (Tromson-Carli  et  al  1981).  Later,  TIBA  was  found  to  be  unsuitable 
for  use  in  MOMBE  due  to  its  low  vapor  pressure  and  thermal  instability.  More  recently, 
TMAA  has  been  gaining  popularity  as  a  cleaner  alternate  source,  especially  for  the  growth  of 
AlGaAs  (Abernathy  and  Bohling  1992).  TMAA  exhibits  a  vapor  pressure  of  «  1  torr  at  room 
temperature  and  does  not  contain  C-Al  bonds  that  enhance  carbon  incorporation  in  the  layers. 
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TMAA  was  also  used  for  the  growth  of  AlGaSb  and  was  shown  to  be  promising  for  growth  at 
high  temperatures,  with  the  growth  behavior  reported  to  be  similar  to  that  of  TEG  as  used  in 
the  growth  of  GaSb  (Okuno  et  al  1993).  The  presence  of  InAs  in  many  of  the  novel 
heterostructures  results  in  an  upper  limit  for  the  growth  temperature  of  «  500  °C  for  the  active 
region  of  the  device.  However,  previously  published  results  on  the  MOMBE  of  AlSb  (Okuno 
et  al  1993)  reported  a  very  large  decrease  in  growth  rate  for  a  small  temperature  change  in  the 
500  °C  range,  thus  making  MOMBE  less  attractive  as  a  growth  technique  for  these 
applications.  In  this  study,  we  have  optimized  the  growth  of  AlSb  at  more  reasonable  growth 
rates  even  at  lower  substrate  temperatures  to  obtain  good  quality  material.  Results  of  growth 
studies  on  AlSb  and  GaSb  in  the  500°C-600°C  temperature  range  at  varying  V/III  ratios  are 
reported.  These  results  are  also  compared  with  GaAs/AlAs  growth  rates  and  the  growth  of 
antimonides  using  elemental  Al  and  Ga.  The  InAs  for  device  structures  was  grown  using 
trimethylindium  (TMI)  and  arsine,  the  details  of  which  will  be  reported  elsewhere. 


2.  Experimental  procedure 

The  growth  was  performed  in  a  Fisons  V90H  MOMBE  evacuated  by  a  diffusion  pump  with  a 
liquid  nitrogen  cold  trap.  TEG  and  TMI  were  introduced  into  the  growth  chamber  through  one 
of  the  injectors  kept  at  70°C  and  TMAA  through  another  injector.  A  set  of  control  valves  were 
used  to  maintain  constant  pressure  of  the  alkyls  before  injection.  TMI  and  TEG  have  been 
used  extensively  in  MOMBE  and  MOVPE  in  the  past  with  good  success  (Jones  1993).  In  this 
study  TMAA  was  kept  at  a  bath  temperature  of  about  25  °C,  with  a  slightly  higher  temperature 
for  the  line  through  which  the  vapors  are  passed  before  being  injected  into  the  chamber. 
Elemental  Al  and  Ga  were  also  used  to  grow  AlSb  and  GaSb  for  comparison  purposes. 
Growth  was  performed  on  (100)  oriented  semiinsulating  GaAs  substrates.  After  oxide  blow- 
off  and  the  growth  of  a  thin  GaAs  smoothing  layer,  the  substrate  was  cooled  to  the  required 
antimonide  growth  temperature  and  a  20  period  AlSb/GaSb  superlattice  was  grown,  followed 
by  0.5  |im  of  AlSb.  Temperature  measurements  were  done  with  an  infrared  pyrometer  which 
was  calibrated  in  the  500  to  600  °C  range  by  using  the  InSb  melting  point  as  well  as  the 
temperatures  for  oxide  blow-off  and  the  transition  of  the  RHEED  pattern  from  an  As-stable 
(2x4)  to  a  C(4x4)  reconstruction  for  GaAs.  Growth  rates  were  obtained  by  RHEED  intensity 
oscillations  and  by  cross-sectional  transmission  electron  microscopy  on  a  structure  consisting 
of  alternating  layers  of  GaSb  and  AlSb  grown  under  different  conditions. 


5.  Results  and  discussion 

Alkyl  Al  and  Ga  arrival  rates  were  chosen  to  result  in  a  growth  rate  equal  to  0.5  monolayer 
(ML)/s  of  Al  As  and  GaAs,  respectively,  in  the  500  °C  temperature  range.  Similar  growth  rates 
were  used  while  growing  with  elemental  Al  and  Ga  sources.  An  As-stable  GaAs  surface, 
subsequent  to  the  oxide  blow-off  and  the  growth  of  a  thin  GaAs  buffer  layer,  shows  a  (2x4) 
RHEED  reconstruction.  The  same  surface  under  an  Sb  flux  shows  a  diffused  pattern  before 
the  commencement  of  AlSb  growth.  Upon  the  initiation  of  AlSb  growth,  the  pattern  turns 
spotty  in  a  couple  of  seconds  and  within  30  seconds,  the  Sb-stable  (1x3)  pattern  begins  to 
appear  and  progressively  becomes  clearer.  The  pattern  becomes  well  defined  in  about  a 
minute,  quite  similar  to  the  observations  for  conventional  MBE.  With  alkly  Ga,  however,  the 
reconstruction  shows  a  diffused  (1x3)  pattern  even  after  the  growth  of  GaSb  for  several 
minutes,  and  the  layer  starts  to  become  hazy  even  when  grown  under  a  wide  range  of  V/III 
flux  ratios  and  temperatures.  GaSb  with  excellent  surface  morphology  could  only  be  obtained 
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when  grown  on  top  of  a  starting  AlSb  layer  a  few  hundred  angstroms  thick.  The  presence  of 
the  AlSb  initiates  migration  of  alkyl  Ga  molecules  to  step  edges,  resulting  in  a  layer-by-layer 
growth.  The  alkyl  Ga  has  a  short  residence  time  in  the  presence  of  excess  Sb  to  begin  with, 
and  it  starts  to  form  islands  on  top  of  GaAs,  which  do  not  coalesce  due  to  short  migration 
lengths  as  in  the  case  of  InAs  grown  on  GaAs  under  high  As  flux  (Kubiak  et  al  1984). 

All  layers  in  this  study  were  grown  under  group  V-stable  conditions  with  (1x3) 
reconstruction  patterns  since  attempts  at  growing  under  group  Ill-rich  conditions  yield 
droplets,  similar  to  observations  in  the  growth  of  other  III-V  compounds.  Under  group  Ill- 
stable  conditions  (V/III  ratios  <  1.0),  AlSb  changes  to  a  (4x2)  reconstruction.  The  minimum 
Sb  flux  needed  to  maintain  group  V  stable  conditions  is  determined  by  measuring  the  time  it 
takes  for  an  Al-rich  surface  in  the  absence  of  any  Sb  flux  to  recover  back  to  a  Sb-stable 
condition  when  Sb  is  supplied  once  again  to  the  surface.  Unfortunately,  this  approach  does 
not  work  well  for  GaSb.  Here,  the  Sb-stable  (1x3)  pattern  becomes  more  diffused  as  the  Sb 
flux  is  reduced  and  no  clear  (4x2)  pattern  is  observed  when  growth  becomes  Ga-rich.  Surface 
haze  due  to  the  formation  of  droplets  confirms  this  Sb-deficient  state. 


Fig.  1.  Cross  sectional  TEM  picture  of  three  stacks  of  GaSb/AlSb  layers;  V/III  ratio 
of  1.0,  1.5  and  3.0  was  used  for  each  stack  from  bottom  up.  The  middle  stack  consists 
of  5  pairs  with  temperature  decreasing  from  580°C  in  steps  of  20°C  for  each  pair  in  the 
growth  direction,  and  the  other  two  with  temperature  increasing  in  steps  of  20°C. 

RHEED  intensity  oscillations  could  be  obtained  for  AlSb  and  GaSb  grown  by  MBE  and 
AlSb  by  CBE,  for  layers  grown  on  the  buffer.  Oscillations  were  examined  in  a  temperature 
range  of  480  to  600  °C  and  over  a  wide  range  of  Sb  over-pressure.  Below  480  °C,  very  low 
growth  rates  are  seen  that  cannot  be  determined  accurately  with  our  RHEED  measuring  setup, 
so  in  the  case  of  MOMBE  they  were  confirmed  by  growing  alternate  layers  of  GaSb  and  AlSb, 
400  A  and  200  A  thick,  respectively,  as  shown  in  Fig.  1.  The  cross-sectional  TEM  picture 
shows  at  the  bottom  a  superlattice  and  buffer  structure  grown  on  top  of  a  GaAs  substrate, 
followed  by  three  stacks  of  alternating  AlSb/GaSb  layers,  with  each  stack  grown  with  a 
different  Sb  over-pressure.  A  thin  marker  layer  helps  locate  each  stack  easily.  Within  each 
stack,  each  pair  of  GaSb  (dark  layer)  and  AlSb  (light  layer)  was  grown  at  one  substrate 
temperature.  The  middle  stack  was  grown  with  the  temperature  decreasing  from  nominally 
580  °C  to  500  °C  in  20  °C  steps  for  each  pair,  while  the  top  and  bottom  stacks  were  grown 
with  the  substrate  temperature  increasing  from  the  bottom  up.  Some  qualitative  information 
can  be  easily  seen  form  the  picture.  The  high  density  of  dislocations  is  quickly  reduced  after 
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the  growth  of  the  buffer.  The  bottom  stack,  grown  at  the  lowest  Sb  over  pressure  (V/III  = 
1.0),  is  the  thickest  while  the  top  one,  grown  at  the  highest  Sb  flux  (V/III  ==  3.0),  is  the 
thinnest.  Even  within  each  stack,  layers  grown  at  higher  temperatures  are  thinner  and  this 
effect  is  stronger  with  higher  Sb  flux  (top  stack).  AlSb  layer  thicknesses  are  close  to  the  target 
thickness  of  200  A  (except  in  the  top  stack  where  they  are  significantly  thinner),  but  GaSb 
layers  are  much  thinner  even  though  the  target  thickness  was  400  A. 


Substrate  Temperature  (°C) 

Fig.  2.  Growth  rate  of  MOMBE  AlSb  as  a  function  of  substrate 
temperature  for  increasing  V/III  ratios  as  marked.  Arrival  rate  of  A1 
corresponds  to  0.5  ML/s. 

Growth  rates  based  on  RHEED  and  TEM  measurements  are  plotted  in  Fig.  2  for  the 
growth  of  AlSb  by  MOMBE.  The  rate  approaches  that  of  AlAs  (0.5  ML/s)  for  temperatures 
greater  than  580  °C,  independent  of  the  Sb  flux.  When  the  V/III  ratio  is  close  to  unity,  the 
AlSb  growth  rate  remains  nearly  constant  over  a  wide  temperature  range.  Layers  with  mirror 
like  surface  as  seen  by  the  unaided  eye  can  be  obtained  under  all  these  growth  conditions.  The 
surface  morphology  is  similar  to  that  of  AlSb  grown  using  elemental  Al.  Only  when  grown  at 
a  high  V/III  ratio  does  the  rate  decrease  rapidly  as  shown  and  this  results  in  an  activation 
energy  of  about  14  Kcal/  mol  in  agreement  with  previously  published  results  (Okuno  et  al 
1993).  Under  these  conditions,  the  excess  Sb  on  the  surface  was  believed  to  suppress  the 
decomposition  of  alkyl  Al,  resulting  in  enhanced  desorption  from  the  surface  and  a  reduced 
growth  rate.  However,  with  low  Sb  over-pressure  (V/III  ~  1.0),  AlSb  growth  proceeds  at  the 
arrival  rate  of  Al  molecules.  Under  limited  Sb  supply,  the  growth  rate  agrees  with  that  of 
AlAs,  so  the  case  is  similar  to  where  excess  As  readily  desorbs  from  the  surface  and  site 
blocking  does  not  occur.  When  grown  with  elemental  Al,  no  significant  variation  in  AlSb 
growth  rate  is  observed  for  a  wide  range  of  temperatures  and  Sb  over-pressure.  Here  the 
presence  of  excess  Sb  does  not  instigate  any  Al  desorption  (due  to  the  high  sticking  coefficient 
of  elemental  Al),  resulting  in  a  constant  growth  rate  (0.5  ML/s  in  this  case)  over  the  entire 
range. 

Fig.  3  is  a  plot  of  the  AlSb  growth  rate  as  a  function  of  V/III  ratio  at  a  TMAA  arrival  rate 
corresponding  to  about  0.5  ML/s.  The  V/III  ratio  has  a  more  pronounced  effect  at  lower 
temperature  than  at  temperatures  close  to  600  °C.  This  may  be  attributed  to  the  more  efficient 
desorption  at  higher  temperatures  of  excess  Sb,  resulting  in  lesser  surface  coverage  and  a 
growth  rate  approaching  that  defined  by  the  Al  arrival  rate.  Thus  with  low  V/III  ratios,  AlSb 
can  be  grown  at  higher  rates  even  at  temperatures  close  to  500  °C  as  needed  for  structures  with 
In  containing  compounds.  Owing  to  the  instability  of  TMAA,  anomalous  growth  rates  may  be 
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seen  when  the  vapors  are  left  unused  at  high  gas  line  temperatures  for  long  periods  of  time 
before  being  fed  into  the  injector. 


Fig.  3.  MOMBE  AlSb  growth  rate  as  a  function  of  V/ni  ratio  for  various 
substrate  temperatures  as  marked  and  for  a  fixed  group  HI  arrival  rate. 

GaSb  growth  rate  variations  plotted  in  Fig.  4  show  trends  similar  to  that  of  AlSb.  As  a 
comparison,  the  growth  rate  of  GaAs  in  CBE  remains  fairly  constant  in  the  500-550  °C 
temperature  range  and  shows  a  gradual  fall-off  beyond  that.  However,  the  GaSb  growth  rate 
is  less  than  that  of  GaAs  (0.5  ML/s)  even  at  high  temperatures.  At  low  temperatures,  ~  500 
°C,  growth  rates  are  a  very  strong  function  of  Sb  flux  and  higher  rates  can  be  achieved  at 
lower  V/in  ratios.  Growth  rate  reduction  due  to  the  presence  of  excess  Sb  prohibiting  Ga 
decomposition  has  been  explained  in  the  past  by  means  of  a  theoretical  model  and  compared 
with  that  of  GaAs  (Kaneko  et  al  1992).  Fig.  4  shows  that  by  reducing  the  effective  excess  Sb 
coverage,  higher  growth  rates  are  possible.  Of  course,  higher  growth  rates  can  also  be 
achieved  by  increasing  the  TEG  arrival  rate  and  that  effectively  reduces  the  V/ni  ratio  and  also 
prevents  the  sharp  growth  rate  fall  off  at  lower  temperatures.  No  such  variation  is  seen  when 
GaSb  is  grown  with  elemental  Ga;  the  growth  rate  remains  constant  at  0.5  ML/s  in  the  entire 
temperature  range  of  interest. 


Fig.  4.  MOMBE  GaSb  growth  rate  as  a  function  of  substrate  temperature  for  two  V/III 
ratios  (bottom  curves).  Corresponding  GaAs  growth  rate  with  arsine  are  shown  for  two 
V/in  ratios  (top  curves).  All  data  correspond  to  a  group  HI  arrival  rate  of  0.5  ML/s. 
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AlSb  bulk  layers  were  grown  directly  on  GaAs  substrates  whereas  GaSb  layers  were 
grown  on  a  thin  AiSb  nucleating  layer  for  the  measurement  of  electrical  properties.  1  pm  thick 
AlSb  layers  exhibit  a  room  temperature  hole  concentration  of  3-5  x  /cm^  and  a  mobility  of 
150  cm^A^s,  comparable  to  a  solid  source  A1  grown  layer.  GaSb  yielded  similar  carrier 
concentrations  with  a  mobility  of  400  cm^A^s.  InAs/(Al,Ga)Sb  resonant  interband  tunneling 
diodes  which  consisted  of  25  A  thick  barriers  of  AlSb  (grown  by  MOMBE)  on  either  side  of  a 
65  A  thick  GaSb  quantum  well  (grown  with  elemental  Ga)  yielded  respectable  peak-to-valley 
current  ratios  of  5-8  at  room  temperature.  These  layers  were  grown  at  500  °C  with  growth 
rates  obtained  from  results  of  the  present  study. 


4.  Conclusions 

The  growth  of  AlSb  and  GaSb  by  MOMBE  on  GaAs  substrates  has  been  investigated. 
Growth  rates  were  determined  by  RHEED  intensity  oscillation  and  cross-sectional  TEM 
measurements.  Both  compounds  show  very  highly  temperature-dependent  growth  rates  under 
high  V/III  ratios,  in  strong  contrast  to  the  growth  of  GaAs/AlAs  using  alkyl  sources  or 
GaSb/AlSb  using  elemental  sources.  However,  when  grown  with  low  Y/lll  ratios,  higher 
growth  rates  comparable  to  those  obtained  at  high  temperatures  and  layers  with  good  surface 
morphology  can  both  be  obtained  even  at  500  °C.  In  the  case  of  GaSb,  a  thin  AlSb  starting 
layer  is  necessary  for  nucleation  on  GaAs  substrates.  The  data  provide  growth  conditions  for 
quantum  structures  consisting  of  InAs  layers  and  antimonides  by  MOMBE. 
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Abstract.  This  contribution  presents  for  the  first  time  results  on  the  deposition 
and  characterization  of  InAs/AlSb/GaSb-heterostructures  that  were  grown  by 
MOVPE  at  low  total  pressure  (pt^t  =  20  hPa).  A  comparative  investigation  on  the 
growth  kinetics  of  the  basic  binary  compounds  revealed  that  only  the  combination 
of  the  metalorganics  TEGa,  TEAl,  TMIn  and  TESb  exhibited  a  well  matched 
reactivity  for  the  deposition  of  these  heterostructures.  X-ray  diffraction  and 
photoluminescence  measurements  on  GaSb/AlSb-  and  InAs/AlSb-multi  quantum 
well  (MQW)  structures  proved  the  good  structural  and  optical  quality  of  the  layer 
stacks.  Finally,  a  symmetrical  nin-InAs/AlSb  DBRT-structure  (double  barrier 
resonant  tunneling)  was  fabricated  exhibiting  regions  of  negative  differential 
resistance  in  the  I/V-characteristic. 


1.  Introduction 

Among  III-V  compound  semiconductors,  InAs/AlSb/GaSb  constitutes  a  closely  lattice 
matched  material  system,  yet  significantly  differing  in  band  parameters  and  transport 
properties  [1].  For  example,  combining  the  high  intrinsic  electron  mobility  in  InAs  with  the 
largest  conduction  band  offset  (1.35  eV)  of  all  Ill-V-heterostructures  in  InAs/AlSb-layer 
structures  opens  new  perspectives  for  high  speed  electronic  applications.  The  unique  features 
of  InAs/AlSb/GaSb-heterostructures  have  already  resulted  in  a  number  of  elegant  device 
concepts  and  applications,  such  as  double  barrier  resonant  (interband)  tunneling  structures 
[2,3],  n-,  p-channel  HFET  [4,5]  and  strained  layer  superlattices  for  infrared  applications  [6]. 

In  spite  of  these  possible  applications  Sb-based  semiconductors  have  received  far  less 
attention  than  their  As-  and  P-analogues.  This  is  most  probably  due  to  the  fact  that  the  device 
processing  technology  for  Sb-containing  semiconductors  has  not  been  developed  to  the 
sophisticated  level  which  has  become  a  standard  for  As-  and  P-based  alloys.  Furthermore,  the 
absence  of  semiinsulating  GaSb  and  InAs  substrates  complicates  the  on-wafer  device  isolation. 
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A  possible  solution  could  be  the  use  of  semiinsulating  GaAs  or  InP  substrates.  This  of  course 
necessitates  the  deposition  of  thick  buffer  layers  to  accomodate  the  large  lattice  mismatch. 

Up  to  now,  all  studies  on  InAs/AlSb/GaSb-based  structures  and  devices  have  been 
performed  on  MBE-samples.  Due  to  the  MOVPE-specific  problems  like  suitable  Al- 
precursors  and  the  necessity  of  higher  deposition  temperatures  compared  with  MBE 
InAs/AlSb/GaSb-structures  have  not  been  realized  by  MOVPE  so  far.  Our  paper  presents  for 
the  first  time  results  on  the  deposition  and  characterization  of  InAs/AlSb/GaSb- 
heterostructures  which  were  grown  by  MOVPE  at  low  total  pressure  (ptot  =  20  hPa).  A 
prerequisite  for  the  growth  of  high  quality  heterostructures  is  the  ability  to  deposit  the  binary 
bulk  materials  reproducibly  at  a  set  of  compatible  growth  parameters.  Therefore,  we  first 
briefly  summarize  experimental  results  on  the  growth  kinetics  and  characterization  of  the 
binary  semiconductors  GaSb,  AlSb  and  InAs.  Afterwards,  X-ray  diffraction  and 
photoluminescence  measurements  on  GaSb/AlSb-  and  InAs/AlSb-MQW  structures  will  be 
presented.  Basic  problems  like  the  gas  switching  sequence  in  InAs/AlSb-MQW  structures  will 
also  be  treated.  Finally  the  feasibility  for  the  device  quality  of  the  MOVPE-grown  structures 
is  shown  by  a  nin-InAs/AlSb-DBRT  structure. 


2.  Experimental 

A  standard  LP-MOVPE  system  with  a  horizontal  quartz  reactor  was  used  for  the  epitaxial 
growth.  Starting  materials  for  the  group  III  components  were  TEGa,  TMIn,  TEAl  and  for 
group  V  components  TESb,  ASH3  and  PH3.  Palladium-diffused  hydrogen  was  used  as  carrier 
gas.  The  growth  experiments  were  carried  out  at  a  total  pressure  of  20  hPa  and  a  carrier  gas 
velocity  of  1.2  m/s.  GaSb  and  InAs  substrates  were  used  for  deposition.  Before  growth  an 
annealing  treatment  of  the  substrate  at  870  K  for  5  minutes  under  TESb  (GaSb  substrate)  or 
ASH3  (InAs  substrate)  ambient  was  carried  out  in  order  to  remove  any  remaining  oxide  layers. 

Layer  thicknesses  of  the  bulk  materials  were  determined  by  measuring  the  weight  of  the 
samples  before  and  after  growth  (accuracy  :  +0.1  /^m).  The  crystallinity  and  period  thickness 
of  the  MQW  structures  was  verified  by  double  crystal  X-ray  diffraction,  the  optical  quality  of 
the  samples  by  low  temperature  photoluminescence  measurements. 


3.  Results  and  discussion 

First,  we  performed  a  comparative  study  on  the  growth  kinetics  of  InAs,  GaSb  and  AlSb  with 
methyl-  and  ethyl-group  III  precursors  to  determine  the  preferential  combination  for  the  LP- 
MOVPE  deposition  of  these  binary  semiconductors.  For  the  growth  of  InAs/AlSb/GaSb- 
heterostructures  it  is  essential  to  utilize  precursors  with  similar  reactivity.  This  is  a 
prerequisite  to  evaluate  a  set  of  compatible  deposition  parameters. 

Fig.  1  shows  the  growth  rate  of  InAs,  GaSb  and  AlSb  as  a  function  of  the  deposition 
temperature  for  the  use  of  TEGa,  TEAl,  TMIn,  TESb  and  ASH3.  We  found  that  the  ethyl- 
precursors  exhibit  a  well  matched  reactivity  for  GaSb  and  AlSb.  A  kinetically  controlled 
growth  regime  was  determined  for  temperatures  lower  than  870  K.  At  higher  temperatures  the 
deposition  rate  saturates  indicative  of  diffusion  limited  growth.  Diffusion  limitation  is  also 
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present  for  InAs  over  the  whole  displayed  temperature  range.  Kinetically  controlled  growth 
for  InAs  occurs  for  deposition  temperatures  lower  than  700  K  [7]. 


T  (K) 

950  880  800  720 


1/T  (10^^  K“') 

Fig.  1:  Temperature  dependence  of  InAs,  GaSb 
and  AlSb  growth  rate  (parameters:  p(TMIn)  =  0.29 
Pa,  p(AsH3)  =  57.5  Pa,  p(TEGa)  =  0.19  Pa, 
p(TEAl)  =  0.08  Pa,  p(TESb)  -  1.3  Pa) 


For  Sb-based  semiconductors  the 
V/III  ratio  is  another  key  parameter  because 
both  a  deficiency  and  an  excess  of  antimony 
on  the  surface  leads  to  a  strong  degradation 
of  the  material  quality.  With  respect  to 
good  surface  morphology  we  determined 
optimum  V/III  ratios  of  7  for  GaSb  and  16 
for  AlSb  at  a  growth  temperature  of  870  K. 
For  lower  growth  temperatures  the  V/III 
ratios  for  GaSb  and  AlSb  have  to  be 
increased  to  maintain  the  good  material 
quality.  After  determination  of  the  growth 
parameter  windows  for  compatible 
deposition  of  all  three  semiconductors, 
finetuning  of  the  deposition  parameters  lead 
to  an  optimization  of  the  electrical  and 
optical  quality  of  the  material. 


A  GaSb/AlSb-single  quantum  well  structure  (type  I  band  alignment)  consisting  of  18,  12 
and  8  nm  GaSb  wells  separated  by  5  nm  AlSb  barriers  was  investigated  by  photoluminescence 
measurements  (fig.  2).  On  top  of  the  quantum  well  structure  a  5  nm  thick  GaSb  cap-layer  was 
deposited  to  prevent  the  Al-containing  layers  from  oxidation. 
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Fig.  2:  Photoluminescence  spectra  of  GaSb/AlSb- 
SQWs  (d(AlSb)  =  5  nm) 
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Fig.  3:  Cu-Kal  diffraction  pattern  of  GaSb/AlSb- 
MQWs  (20/1 0)nm,  lOperiodes 


The  observed  transition  energies  of  the  recombination  processes  in  the  QW-structure 
shift  with  decreasing  GaSb-well  width  to  higher  energies  as  expected  from  theory. 
Additionally,  for  GaSb-well  thicknesses  smaller  than  approximately  10  nm  a  strong  decrease 
of  the  photoluminescence  intensity  was  found.  This  intensity  drop  can  be  explained  by  the  fact 
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that  the  first  T  state  in  the  GaSb-well  can  be  easily  pushed  above  the  first  L  state  by  quantum- 
confinement  (L-valley  minimum  of  GaSb  is  only  63  meV  located  above  the  r-mmimum).  As 
a  result  the  GaSb  quantum  well  ground  state  becomes  the  L  state  for  sufficiently  small  well 

GaSb/AlSb-MQW  structures  (10  periodes)  with  different  GaSb-well  and  AlSb-barrier 
thicknesses  were  grown  at  a  temperature  of  870  K.  The  compositional  and  structural  quality  of 
the  MQW-stacks  was  characterized  by  double  crystal  X-ray  diffraction  measurements.  Fig.  3 
displays  a  typical  Cu-Kal  diffraction  pattern  of  a  GaSb/AlSb-MQW  structure  with  a  nominal 
period  thickness  of  30  nm  (20  nm  GaSb/10  nm  AlSb).  The  presence  of  a  large  number  of 
high-order  satellite  peaks  and  their  narrow  peak  width  demonstrates  the  high  structural  quality 
of  the  sample.  Additionally,  the  asymmetry  of  the  MQW-diffraction  pattern  with  respect  to 
the  GaSb  substrate  peak  reflects  the  relevance  of  strain- induced  effects  in  this  material  system. 
A  simulation  of  the  experimental  data  lead  to  a  periode  thickness  of  31.9  nm. 


Energy  (eV) 


Fig.  4:  Photoluminescence  spectra  of  GaSb/AlSb- 
MQWs  with  different  GaSb-well  widths 
(d(AlSb)  =  15  nm) 


Fig.  5:  Dependence  of  photoluminescence  peak 
energy  on  GaSb-well  width  (calculation  without 
strain-effects) 


Fig.  4  shows  photoluminescence  spectra  (T=12K)  of  GaSb/AlSb-MQWs  (10  periodes) 
with  a  constant  AlSb-barrier  thickness  of  15  nm  and  the  denoted  GaSb-well  thicknesses 
(determined  by  X-ray  diffraction).  The  recombination  energy  shifts  with  decreasing  well 
width  to  higher  energy.  In  fig.  5  the  dependence  of  the  MQW  peak  energy  on  the  GaSb-well 
width  (squares)  and  a  quantum  mechanical  calculation  (lines)  based  on  the  transfer  matrix 
method  of  the  expected  transitions  is  plotted.  On  the  first  sight  our  experimental  data  does  not 
correspond  to  the  low  energetic  EiHHi -transition  but  to  the  higher  energetic  EiLH|- 
transition.  Eurther  calculations  including  strain  effects  (e.g.  resulting  from  partially  relaxed 
AlSb-barriers)  did  not  support  the  experimentally  suggested  light  and  heavy  valence  subband 
reversal.  However,  from  Raman  and  X-ray  diffraction  measurements  there  are  hints  that  the 
well  and  barrier  material  are  not  the  pure  binary  GaSb  and  AlSb  but  ternary  AlGaSb  with  low 
Al-  and  Ga-content  in  the  well  and  barrier,  respectively.  An  explanation  for  this  unexpected 
result  could  be  a  memory  effect  from  evaporated  material  that  was  priorly  deposited  on  the 
susceptor  or  the  liner-tube.  A  low  Al-content  in  the  well  material  could  indeed  explain  the 
higher  EiHHi-transition  energies  because  of  the  higher  band  gap  of  the  ternary  AlGaSb 
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compared  with  the  pure  binary  GaSb.  Further  investigations  are  being  performed  to  clarify 
these  results. 

The  next  step  towards  the  deposition  of  InAs/AlSb/GaSb-heterostructures  was  the 
investigation  of  InAs/AlSb  layer  sequences  (band  II  alignment).  In  this  material  system  both 
the  group  III  and  the  group  V  constituents  are  exchanged  at  the  interface.  Hence,  two  types  of 
heterointerfaces  ("InSb-like"  or  "AlAs-like")  which  significantly  affect  transport  properties 
can  be  generated  by  the  appropiate  switching  sequence  of  the  reactive  gases.  Generally,  the 
"InSb-like"  interface  is  preferable  because  of  the  much  better  transport  properties  in  two 
dimensional  structures  compared  to  "AlAs-like"  interfaces  [8]. 

Our  MOVPE-InAs/AlSb-heterostructures  were  deposited  at  a  temperature  of  790  K 
which  is  very  similar  to  MBE  growth  conditions.  We  found  that  the  switching  sequence  from 
InAs  to  AlSb  and  vice  versa  is  a  critical  point  for  the  deposition  of  InAs/AlSb  layer  structures 
with  good  crystalline  quality.  If  an  overlap  for  the  group  V  gases  ASH3  and  TESb  was  applied 
for  switching  from  InAs  to  AlSb  and  vice  versa,  the  crystalline  and  morphological  quality  was 
insufficient.  MQW  structures  of  high  structural  quality  could  simply  be  obtained  by 
introducing  a  hydrogen  purging  time  of  several  seconds  between  InAs  and  AlSb  growth.  Fig. 
6  displays  a  X-ray  diffraction  measurement  of  an  InAs/AlSb-MQW  structure  (10  periodes) 
consisting  of  nominally  12  nm  InAs  and  8  nm  AlSb. 

In  this  case  hydrogen  purging  times  of 

8  sec.  for  the  group  V  and  3  sec.  for  the 

group  III  gases  were  used.  Many  narrow 

high  order  satellite  peaks  with  fringe  pattern 

in  between  can  be  observed.  This  data  set 

proves  the  high  quality  of  the  InAs/AlSb- 

MQW  stack  with  respect  to  layer 

composition  and  thickness.  The  asymmetry 

in  the  MQW-diffraction  pattern  reflects  the 

relevance  of  strain  in  this  structure  which  is 

introduced  by  the  1.35  %  lattice  mismatch 

between  InAs  and  AlSb.  Raman-,  TEM-  and 

20  (degree)  electrical  measurements  are  in  progress  to 

™  ^  j  ^  T  A  gairi  further  insight  in  the  nature  of  the 

Fig.  6:  Cu-Kocl  diffraction  pattern  of  InAs /AlSb-  ®  ® 

MQWs  (12nm/8nm),  10 periodes  heterointerface. 

Nevertheless,  we  have  fabricated  the  first  MOVPE-grown  symmetrical  nin  InAs/AlSb- 
DBRT  structure  (see  fig.  7)  to  demonstrate  the  high  quality  of  the  material.  The  device 
structures  were  grown  on  S-doped  InAs  substrates.  For  n-doping  of  the  InAs  buffer  and  InAs 
top  contact  layer  H2S  was  used  as  dopand  source.  We  defined  circular  devices  with  100  pm 
diameter  by  using  standard  photolithography.  Ohmic  top  and  bottom  contacts  were  made 
using  Pd/Au.  A  HCI/CH3COOH/H2O2  (6:4:1)  solution  was  used  for  wet  chemical  mesa 
etching. 

Fig.  8  shows  the  DC  I/V-characteristics  at  300  K  for  the  layer  sequence  described  in 
fig.  7.  Two  distinct  regions  of  NDR  (negative  differential  resistance)  can  be  observed  for 
positive  and  negative  polarity.  Figures  of  merit  for  a  resonant  tunneling  device  are  the  PVC 
ratio  (peak  to  valley  current)  and  the  current  density  AI.  In  our  case  the  PVC  ratio  is 
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approximately  1.5  and  the  current  density  AI  «  2  kA/cm^.  These  values  are  promising  if  one 
considers  that  this  was  not  an  optimized  InAs/AlSb-DBRT  structure. 


Fig.  7:  Layer  sequence  of  a  nin-lnAs/AlSb  DBRT 
structure 


InAs/AISb— DBRT 


^-1.0  -0.5  -0.0  0.5  1.0 

Voltage  (V) 


Fig.  8:  I/V-ckaracteristics  of  a  nin-lnAs/AlSb 
DBRT  structure  (layer  sequence  see  fig.  7) 


The  fact  that  the  I/V-curve  is  not  strongly  symmetric  is  probably  due  to  some 
asymmetry  in  the  structure,  e.g.  smearing  out  of  one  of  the  AlSb  barriers.  Further 
optimization  of  the  switching  sequences  would  probably  enhance  the  device  performance  a  lot 
because  the  quality  of  resonant  tunneling  devices  is  naturally  very  sensitve  to  the  abruptness  of 
the  heterointerfaces. 


4.  Summary  and  conclusion 

We  demonstrated  for  the  first  time  the  possibility  of  depositing  InAs/AlSb/GaSb- 
heterostructures  by  LP-MOVPE.  High-quality  GaSb/AlSb-  and  InAs/AlSb-MQW  structures 
were  grown  and  characterized  by  photoluminescence  and  X~ray  diffraction  measurements.  In 
addition  to  that,  promising  preliminary  data  on  resonant  tunneling  in  InAs/AlSb-DBRT 
structures  was  presented.  Further  systematic  investigations  on  the  nature  of  the  InAs/AlSb- 
hetero interface  are  being  performed  to  improve  e.g.  DBRT  and  n-HFET  device  performance. 
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Real  Time  Monitoring  of  III-V  Alloy  Composition 
and  Real  Time  Control  of  Quantum  Well  Thickness 
in  MBE  by  Multi-Wavelength  Ellipsometry 


Chau-Hong  Kuo,  Satish  Anand,  Ravi  Droopad,  David  L.  Mathine  and 
George  N.  Maracas;  Arizona  State  University  EE  Department,  Tempe,  AZ 
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Abstract.  Real  time  measurement  of  AlGaAs  alloy  composition  and 
epitaxial  layer  thickness  control  in  molecular  beam  epitaxy  (MBE)  is 
demonstrated  by  multiwavelength  ellipsometry  (MWE).  MWE  uses  fewer 
(44)  discrete  wavelengths  than  a  fully  spectroscopic  system  but  is 
considerably  faster  (spectra  can  be  obtained  5  times  per  second)  making  it 
compatible  with  real-time  growth  process  monitoring  and  control.  In  order 
to  obtain  epitaxial  layer  property  measurements  under  substrate  rotation,  a 
substrate  manipulator  having  angular  stability  of  0.02  degrees  was 
developed.  Growth  tracking  and  extrapolation  of  layer  thickness  were  used 
to  control  the  thickness  of  quantum  wells  and  distributed  Bragg  reflectors  in 
a  Fabry  Perot  cavity.  A  comparison  of  75 A  and  100 A  quantum  well 
structures  grown  with  and  without  MWE  control  is  made.  Growth  control 
of  a  Fabry  Perot  cavity  consisting  of  distributed  Bragg  reflector  stacks  is 
also  demonstrated. 

1 .  Introduction 

One  approach  to  real-time  control  of  epitaxial  crystal  growth  is  to  monitor  the 
properties  of  the  growing  film  and  generate  a  signal  that  can  be  used  to  adjust  the 
appropriate  control  variable.  Spectroscopic  ellipsometry  (SE)  is  used  here  as  a  sensor  that 
can  measure  the  real  and  imaginaiy  parts  of  the  index  of  refraction  ot  an  epitaxial  layer  in  an 
MBE  growth  reactor.  These  indices  can  be  used  to  extract  layer  temperature,  alloy 
composition  and  thickness.  If  measured  in  real  time  (i.e.  layer  properties  are  tracked), 
growth  rate  and  variations  in  the  aforementioned  material  parameters  can  also  be  measured. 

2.  MBE  system  considerations 

Two  major  requirements  for  implementing  SE  control  on  a  molecular  beam  epitaxy 
(MBE)  system  include  a)  the  ability  to  record  and  analyze  spectroscopic  data  on  time  scales 
faster  than  the  growth  is  occurring  (~1  monolayers  (ML)/sec)  and  b)  having  a  substrate 
manipulator  that  maintains  the  angle  of  incidence  (typically  75°)  under  rotation  to  less  than 
0.1  degrees  [1,2].  The  latter  is  required  because  it  obviates  the  need  to  use  angle  of 
incidence  as  a  data  fitting  parameter,  thus  reducing  analysis  time  and  fitting  errors. 

2.1  Stable  substrate  manipulator 

In  an  MBE  system,  substrate  rotation  (~1  revolution  per  second)  is  essential  for 
obtaining  films  with  high  thickness  and  alloy  composition  uniformity  across  the  substrate. 
In  polarization  sensitive  measurements  such  as  SE,  small  deviations  in  the  sample  position 
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and  tilt  affect  the  confidence  of  the  extracted  layer  thickness  and  composition.  To  obtain 
accurate  information  from  the  rotating  epitaxial  layer,  the  plane  of  incidence  (which  is 
normal  to  the  substrate  surface)  and  angle  of  incidence  must  be  kept  constant  within  0.1 
degree  [1].  To  achieve  this,  the  stability  of  the  substrate  position  and  of  the  substrate 
normal  with  respect  to  the  incoming  light  beam  must  be  maintained.  This  is  shown 
schematically  in  figure  1.  If  the  surface  nonnal  is  not  collinear  with  the  manipulator  axis, 
then  the  reflected  light  spot  will  process  under  rotation  and  produce  a  time-varying  angle  of 
incidence.  The  position  of  the  substrate  along  the  manipulator  axis  can  also  change  because 
of  thermal  expansion  and  contraction.  This  effect  moves  the  reflected  spot  vertically  a 
distance  d  in  the  plane  of  incidence  and  displaces  it  on  the  output  polarization  optics  and 
optical  detector.  Because  the  thermal  load  on  the  manipulator  varies  with  epitaxial  structure 
(e.g.,  different  for  a  bipolar  transistor  and  a  laser)  and  between  successive  runs  on  similar 
structures,  the  thermal  history  is  different  from  sample  to  sample  and  thus  produces  fairly 
unpredictable  variations  in  the  theiTnal  expansion  distance  d  versus  time.  Hence,  the  optical 
data  can  become  unreproducible. 

plane  of^  incidence  Commercially 

available  MBE 
manipulators  have  not 
been  designed  to  meet 
the  angular  stability 
specification  for  in-situ 
SE.  An  ultra-stable 
manipulator  has  been 
designed  in  conjunction 
with  DCA  Instruments 
that  minimizes  the 
substrate  wobble.  A 
wobble  of  less  than  0.02 
degree  was  achieved  by 
designing  the 
manipulator  with  stable 
bearings  and  so  that  an 
external  adjustment  of 
substrate  tilt  is  possible.  This  adjustment  allows  the  substrate  axis  to  be  tilted  to  coincide 
with  the  manipulator  axis.  As  a  result,  imperfections  in  the  bearings  and  sample  mount 
(indium-free  mounting  rings)  can  be  compensated.  The  thermal  stability  of  the  substrate 
was  also  improved  by  choosing  titanium  for  the  manipulator  shaft  material.  No  measurable 
variation  due  to  thermal  expansion  was  observed  using  a  titanium  shaft  as  cornpared  to  a 
stainless  steel  shaft  that  exhibited  a  substrate  position  dependent  on  its  themial  history. 

2.2  SE  description 

MBE  process  monitoring  and  control  by  SE  require  ellipsometric  spectra  to  be 
recorded  and  analyzed  approximately  two  times  per  second  (growth  rates  approxirnately 
IML/sec).  This  has  been  achieved  using  an  ellipsometer  designed  in  conjunction  with  the 
J.Woollam  Co.  The  rotating  analyzer  instrument  is  capable  of  recording  44  wavelengths  in 

the  spectral  range  of  415  <  <  750  nm  at  a  maximum  rate  of  25  spectra  per  second.  SE 

data  fitting  is  performed  in  real-time  and  parameters  transferred  to  the  MBE  control 
computer  via  serial  link  for  process  feedback.  For  the  following  thickness  control 
experiments,  the  SE  computer  was  used  to  directly  control  the  MBE  .shutters  via  an  RS232 
line. 


Figure  1.  Schematic  of  a  light  beam  incident  onto  an  MBE 
substrate  manipulator.  The  vertical  position  of  the  substrate  is 
affected  by  the  thermal  expansion  of  the  manipulator  shaft. 
Angular  deviations  are  caused  by  wobble  in  the  manipulator 
bearings  and  tilted  mounting  of  the  substrate  in  the  holder. 
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3 .  Thickness  control  by  spectroscopic  ellipsometry 


3.1  Quantum  wells 

Tracking  of  thickness  and  composition  (and  other  parameters)  by  SE  is  performed 
by  monitoring  spectra  and  fitting  the  data  to  a  structure  model  consisting  of  target  layer 
thicknesses  and  compositions  approximately  two  times  per  second.  After  each  fit,  the 
structure  model  is  updated  with  the  underlying  layer  parameters  held  constant.  Thus  the 
only  variables  are  the  thickness  and  composition  of  the  surface  layer  that  is  growing  which 
is  called  the  virtual  substrate  [3]  method.  A  measure  of  the  growth  rate  is  directly  obtained 
in  this  way.  The  shutter  closing  time  is  calculated  based  upon  the  target  thickness,  present 
thickness  and  present  growth  rate.  This  extrapolation  technique  reduces  the  frequency  at 
which  the  structure  model  needs  to  be  updated. 

Control  of  quantum  well  thickness  was  attempted  on  a  multiple  quantum  well 
structure  consisting  of  five  100 A  GaAs  wells  and  five  75 A  wells  separated  by  500A  of 
AlGaAs.  The  structure  was  grown  on  semi-insulating  GaAs,  all  wells  had  200A 
Alo.3Gao.7As  barriers  and  tbe  entire  structure  was  capped  with  50A  of  GaAs.  One  sample 
was  grown  with  closed-loop  SE  feedback  control  of  the  shutters  while  a  second  sample 
was  grown  using  growth  rates  measured  by  SE  and  timed  shutter  sequences  (no  feedback 
control).  Figure  2  shows  the  77K  photoluminescence  (PL)  of  the  two  test  structures.  The 
peaks  correspond  to  the  n=l  electron  to  heavy  hole  transitions  in  the  GaAs  wells. 
Thicknesses  shown  above  the  peaks  were  calculated  using  a  self-consistent  Schrodinger- 
Poisson  solver  using  a  barrier  composition  of  x=0.3  that  was  independently  measured  by 
PL.  The  "timed"  quantum  well  thicknesses  were  calculated  to  be  72A_and  91 A  while  the 
"SE  control"  thicknesses  were  75 A  and  94A  for  the  nominally  75A  and  lOOA  wells 
respectively.  This  demonstrates  that  SE  closed-loop  feedback  can  control  multiple  quantum 
well  thickness  to  an  accuracy  of  a  few  percent. 


Accurate  control  of 


7850  7900  7950  8000  8050  8100  8150  8200 
Angstroms 

Figure  2.  77K  photoluminescence  of  two  MQW 

samples.  One  sample  was  grown  using  nominal 
growth  rates  (timed)  and  the  other  was  grown  under 
SE  shutter  control. 


epitaxial  layer  thickness  requires 
a-priori  knowledge  of  the  complex 
index  of  refraction  versus 
wavelength  at  the  growth 
temperature.  There  are  two  ways 
to  obtain  this  data:  standard  optical 
constant  reference  tables  or  values 
measured  just  before  growth.  A 
database  of  optical  constants  of 
GaAs  [4]  and  AlGaAs  [5]  have 
been  measured  up  to  700°C  in  the 

wavelength  range  250nm  <  X  < 
lOOOnm.  This  data  has  a 
temperature  uncertainty  of 
approximately  2°C  and  a 
composition  uncertainty  of 
x=±0.()l.  Temperature  and 
composition  can  be  fitted  in  real 
time  using  this  data.  The  second 
m.ethod  involves  measuring  optical 
constants  just  before  the  growth  in 


the  growth  reactor  at  the  growth  temperature.  While  this  method  has  the  advantage  that  a 


large  database  of  materials  constants  is  not  necessaiy,  it  has  an  inherent  calibration  problem 
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in  that  the  substrate  temperature 
uncertainty  is  large  and  an. 
independent  measure  of  the  alloy 
composition  is  lacking.  An 
additional  problem  is  that  the 
optical  constants  are  extracted 
using  an  angle  of  incidence  that 
may  not  be  known  to  less  than 
0.1  degree.  The  angular 
uncertainty  introduces  errors  in 
thickness  and  composition 
extraction  as  illustrated  in  figure 
3. 

Figure  3  illustrates  the 
growth  of  a  single,  nominally 

3.6  3.8  4  4.2  4.4  4.6  4.8  5  5.2  lOOA  GaAs/Alp^G  UQ.vA  S 

quantum  well  using  SE 
Figure  3.  Thickness  control  of  a  thickness  control.  The  sample 
GaAs/AlojGao.vAs  quantum  well  by  spectroscopic  was  grown  at  by  solid  source 
ellipsometry.  MBE  at  600°C  with  a  growth 

rate  of  nominally  0.6|im/hr.  At 
4.15  minutes  the  Ga  shutter  was  opened  under  SE  control  and  growth  of  the  GaAs  well 
begun.  At  approximately  5.1  minutes  (lOOA)  the  Ga  shutter  was  closed  under  SE  control. 

Two  curves  are  shown  on  the  graph  coiTesponding  to  incident  angles  0=75°  and  0=74.15°. 
Optical  constants  for  the  GaAs  and  AlGaAs  at  the  growth  temperature  were  obtained  just 
before  the  growth  run  assuming  an  angle  of  incidence  of  75°.  75 A  quantum  wells  were 


grown  in  a  similar  manner.  It  is  seen  that  the  QW  thickness  calculated  using  0=74.15°  is 
6A  larger  than  that  for  75°.  74.15°  was  the  actual  angle  of  incidence  obtained  by  fitting  the 
600°C  (growth  temperature)  optical  constants  from  [4]  to  the  spectmm  measured  just  before 
the  growth  run  in  the  MBE  chamber.  The  GaAs  growth  rate  was  measured  to  be  1.766  and 

1.844  ML/sec  for  0=75°  and  74.15°  respectively.  Table  1  lists  the  angle  of  incidence  and 
the  corresponding  growth  rate  and  quantum  well  thicknesses  for  the  lOOA  and  75A  wells. 
The  effect  of  using  an  approximate  angle  of  incidence  to  measure  optical  constants  and 
subsequently  control  thickness  is  apparent. 


Angle  of 
incidence  (°) 

GaAs  growth  rate 
(ML/sec) 

thickness 
100(A)  well 

thickness 
75(A)  well 

75.0 

1.766 

98.90 

75.57 

74.80 

1 .779 

100.57 

76.72 

74.60 

1.805 

101 .43 

77.82 

74.40 

1.831 

103.54 

78.93 

74.15 

1.844 

105.49 

79.87 

Table  1.  GaAs  quantum  well  growth  rate  and  thickness  versus  angle  of  incidence.  74.15° 
was  the  actual  angle  of  incidence  while  75°  was  assumed  for  the  measurements. 

3.2  Fabry-Perot  Cavity 

SE  control  of  MBE  growth  was  extended  to  a  Fabry-Perot  (FP)  cavity.  Such 
structures  consist  of  a  cavity  having  an  optical  thickness  corresponding  to  a  particular 
optical  mode  placed  in  between  two  dielectric  miiTors.  This  particular  stmcture  was  used  to 
test  SE  control  of  thick  epitaxial  layers  because  the  position  of  the  FP  mode  is  a  very 
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sensitive  measure  of  the  cavity  thickness.  Distributed  Bragg  reflectors  (DBRs)  consist  of 
alternating  XIA  high  and  low  index  of  refraction  layers  forming  mirrors  that  have  a  high 
reflectance  wavelength  band.  High  reflectance  indicates  high  thickness  and  composition 
uniformity  among  the  DBR  layers.  Such  structures  are  used  for  fabricating  vertical  cavity 
surface  emitting  lasers  (VCSELs)  and  resonant  cavity  FP  electro-optic  modulators  for 
example. 

The  FP  cavity  design  for  this  experiment  consisted  of  ten  period  bottom  and  top 
DBRs  having  AlAs/GaAs  thicknesses  of  829.9A  and  695.8A  respectively.  The  GaAs  \X 
FP  cavity  was  designed  to  have  a  mode  at  975nm  so  the  thickness  of  the  GaAs  was 
nominally  2783.3 A.  The  entire  structure  was  grown  on  an  0+  GaAs  substrate.  Figure  4 
shows  the  result  of  growing  the  FP  cavity  under  SE  control. 

In  this  experiment  all  the  optical  constants  used  were  from  the  optical  constant 
database  measured  at  ASU.  The  angle  of  incidence  was  measured  before  the  run  by  fitting 
to  the  GaAs  optical  constants.  AlAs  and  GaAs  optical  constants  at  600°C  (from  the 
database)  were  used  during  the  growth  and  the  substrate  was  rotated  for  uniformity.  In 
figure  4,  the  calculated  normal  incidence  reflectance  for  the  975  nm  design  is  shown  along 
with  that  calculated  using  the  layer  thicknesses  and  compositions  measured  by  SE  during 
the  growth  run.  The  two  agree.  The  FP  mode  measured  by  normal  incidence  reflectance 
was  observed  at  974.7nm  which' is  0.3  nm  from  the  design  value.  This  corresponds  to  a 
thickness  error  of  0.3%  or  8. 6 A  in  the  2783 A  cavity  from  the  design  value. 

One  reason  for  this 
discrepancy  is  that  during 
the  growth  run,  it  was 
assumed  that  the 
temperature  of  the  sample 
did  not  change  and  thus  the 
650°C  optical  constants 
were  valid.  A  change  in 
temperature  produces  a 
change  in  optical  constants 
which  produce  an  error  in 
measured  optical  thickness. 
Because  the  SE  assumes  the 
optical  constants  to  be 
correct,  then  the  calculated 
normal  incidence  reflectance 
agrees  with  the  design 
spectrum.  This  case  is 
analogous  to  the  quantum 
well  thickness  error  arising 
from  an  error  in  angle. 
Fitting  for  temperature 
would  thus  increase  the 
accuracy  in  placing  the  FP 
mode  at  the  design 
wavelength.  Such  control 
would  be  possible  if  data 
around  the  semiconductor 
critical  point  energies  could 
be  measured  in  real  time  and 
included  in  the  data  fitting.  This  would  require  a  fast  ellipsometer  which  can  measure  data 
between  250nm  and  lOOOnm. 


Figure  4.  Normal  incidence  reflectance  of  a  975. Onm 
(design)  Fabry  Perot  cavity  consisting  of  10  period 
AlAs/GaAs  DBRs.  The  wavelength  calculated  from  SE 
measured  thicknesses  and  compositions  was  975.0nm. 
Superimposed  on  the  calculation  is  the  measured  curve 
showing  a  FP  mode  at  974.7nm. 
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4.  Conclusions 

Spectroscopic  ellipsometry  has  been  used  to  control  the  thickness  of  multiple 
quantum  wells  and  Fabry-Perot  optical  cavities.  In  both  cases,  thickness  control  to  within  a 
few  monolayers  was  achieved.  This  was  possible  by  using  a  last  44  wavelength 
ellipsometer  and  an  ultra-stable  substrate  manipulator  capable  of  maintaining  the  angle  of 
incidence  under  rotation  to  0.02°.  Variations  between  design  and  actual  layer  properties 
introduced  by  angle  of  incidence  and  temperature  eiTors  were  also  discussed. 
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Abstract.  We  have  determined  the  dielectric  functions  at  450  °C  for  InGaAs, 
InP,  and  strained  InAs  and  AlAs,  using  in  situ  spectroscopic  ellipsometry  (SE). 
The  SE  data  were  synchronously  acquired  from  rotating  wafers  during  MBE 
growth.  Multiple  spectra  representing  different  thicknesses  of  the  growing  layer 
were  fit  simultaneously  to  obtain  self-consistent  optical  constants  and  layer 
thicknesses.  The  optical  constants  for  InGaAs  and  InP  show  the  expected 
decrease  of  critical  point  energies  when  compared  with  room  temperature  values. 
Optical  functions  for  both  psuedomorphic  and  relaxed  InAs  and  AlAs  layers  were 
obtained  in  conjunction  with  previous  results  of  in  situ  laser  light  scattering 
measurements  of  layer  relaxation.  Initial  results  on  in  situ  monitoring  of 
AlAs/InGaAs  resonant-tunneling  diode  (RTD)  growth  using  the  optical  constants 
are  also  reported. 

1,  Introduction 

The  use  of  in  situ  sensors  is  a  promising  approach  to  improving  the  precision  and 
reproducibility  of  epitaxial  growth. [1,2]  A  variety  of  sensor-based  techniques,  including 
reflection  mass  spectrometry  (REMS), [3, 4, 5,6]  optical  flux  monitoring, [7]  and  spectroscopic 
ellipsometry  (SE)[8,9]  have  been  applied  for  both  open  and  closed-loop  control  of  molecular 
beam  epitaxial  (MBE)  growth.  Quantum  devices,  such  as  resonant-tunneling  diodes  (RTDs), 
make  challenging  vehicles  for  demonstrating  sensor-based  growth  improvements  because 
they  are  particularly  sensitive  to  variations  in  layer  thickness.[10,l  1]  Closed-loop  control  of 
RTD  growth  based  on  mass  spectrometry  has  been  demonstrated. [12] 

The  AlAs/InGaAs  RTD  structure  requires  precise  growth  control  because  of  the 
presence  of  thin  (20  A),  highly-strained  AlAs  and  InAs  layers  (-3.5%  and  +3.2%  mismatch 
with  InP,  respectively).  SE  has  advantages  for  real-time,  on-^afer  growth  control,  capable 
of  simultaneous  acquisition  of  layer  composition  and  thickness  with  monolayer  precision;[8, 
13]  however,  the  optical  constants  at  growth  temperature  needed  for  analysis  of  in  situ  SE 
data  are  currently  available  only  for  AlGaAs  aIloys.[14,15,16]  We  report  here  the  dielectric 
functions  at  450  °C  for  InP,  lattice-matched  Ino.53Gao.47As,  and  strained  InAs  and  AlAs, 
needed  for  SE-based  growth  control  of  AlAs/InGaAs  RTDs. 


*  Work  partially  supported  by  ARPA  under  contract  MDA972-93-H-0005. 
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Figure  1.  Schematic  of  experimental  apparatus,  showing  MBE  system  with  rotating  wafer 
which  triggers  acquisition  of  the  phase-modulated  SE  system. 


2.  Experimental 

Experiments  were  performed  on  a  Vacuum  Generators  4”  V90  solid-source  MBE  system, 
equipped  with  ports  to  allow  SE  optical  access  at  75°  from  the  surface  normal  (Fig.  1).  The 
2”  InP  substrates  (Nippon  Mining,  (100))  were  used  as-received  and  mounted  using  an 
indium-free  holder.  Surface  oxide  was  desorbed  by  heating  to  560  °C  for  two  minutes  under 
As4  flux.  Buffer  layers  consisted  of  at  least  1000  A  of  lattice-matched  Ino.53Gao.47 As  (hereafter 
referred  to  as  InGaAs),  verified  using  x-ray  diffrachon  The  InGaAs,  InAs  and  AlAs  layers 
were  deposited  at  growth  rates  of  2.2,  1.2,  and  1.0  A/s,  respectively,  under  a  V/III  flux  ratio 
of  ~3,  and  at  a  nominal  450  °C  substrate  temperature  (obtained  using  an  uncorrected  one- 
color  pyrometer  with  bandpass  at  940  nm). 

SE  measurements  were  made  using  a  rapid-scan,  phase-modulated  spectroscopic 
ellipsometer,  developed  at  Texas  Instruments  and  described  elsewhere,[17,18]  during  MBE 
growth  on  rotating  InP  wafers.  Briefly,  the  collimated  output  from  a  150  W  Xe  source  was 
linearly  polarized  before  passing  through  a  photoelastic  modulator  (PEM),  lens  and  strain- 
free  quartz  window  into  the  MBE  chamber  (Fig.  1).  The  light  reflected  from  the  growth 
surface  was  collected,  passed  through  a  second  fixed  polarizer  and  0.32  m  monochromator, 
and  detected  using  a  46-element  Si  diode  array.  The  'P  and  A  values  were  extracted  from  the 
DC,  first  and  second  harmonic  components  of  the  50  kHz  modulation  imposed  by  the  PEM, 
and  determined  using  fast  waveform  digitization  and  Fourier  transform  analysis.  Waveform 
acquisition  was  triggered  synchronously  with  wafer  rotation,  which  alleviated  the  effects  of 
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substrate  wobble.  For  each  spectrum,  we  typically  averaged  twenty  waveforms  at  each 
wavelength  in  a  total  time  of  under  2  sec.  The  in  situ  SE  data  was  analyzed  post-growth, 
with  techniques  described  below,  using  the  WVASE  software  package. 

3.  Results  and  Discussion 

3J.  In  situ  SE  data  acquisition 

Sample  data  for  growth  of  InGaAs  on  InP  are  shown  in  Fig.  2.  Part  of  the  raw  SE  data  (the 
^  component),  obtained  at  46  discrete  wavelengths  and  sampled  once  each  rotation  period 
(10  rpm),  are  shown  for  the  oxide-desorbed  InP  substrate  and  at  three  InGaAs  layer 
thicknesses  during  the  growth  (Fig.  2a).  The  spectral  representation  is  appropriate  for  real¬ 
time  monitoring  applications,  where  thickness  or  composition  values  are  obtained  from  point- 
by-point  fits.  For  post-growth  data  analysis,  a  powerful  technique  is  multi-sample  analysis 
(MSA),[19]  in  which  the  spectral  data  from  numerous  thicknesses  are  fit  simultaneously. 
With  MSA,  kinetic  plots  are  a  more  natural  representation  of  the  data  (Fig.  2b).  Similar 
measurements  were  made  for  InAs  and  AlAs  layers  on  InGaAs/InP.  The  critical  layer 
thicknesses  of  these  strained  layers  (25-35  A[20])  was  exceeded  such  that  optical  functions 
could  be  obtained  for  both  psuedomorphic  and  relaxed  films  through  judicious  choice  of  data 
regions  for  analysis. 

3.2.  SE  data  analysis:  InP  and  InGaAs 

The  optical  functions  of  both  InP  and  InGaAs  can  be  obtained  from  growth  of  a  single  layer 
of  InGaAs  on  InP.  Results  of  such  analysis  are  shown  in  Fig.  2b,  which  shows  a  kinetic  plot 
of  a  portion  (7  out  of  46  wavelengths)  of  the  observed  SE  data  along  with  the  multi-sample 
analysis  fit  to  that  data.  (The  same  fit  is  shown  in  the  spectral  representation  of  Fig.  2a.) 
Analysis  of  the  InGaAs  data  at  various  growth  times  shows  a  constant  growth  rate,  indicating 
shutter  transient  effects[6]  to  be  negligible.  Dielectric  functions  extracted  from  this  fit  are 
shown  in  Fig.  3  and  compared  with  room  temperature  values.  The  InGaAs  optical  functions 
(Fig.  3b)  are  distinct  from  those  of  InGaAs  deposited  on  relaxed  AlAs  and  InAs  layers  (not 
shown)  due  to  (at  least)  the  significant  surface  morphology  caused  by  misfit  dislocations 
and/or  islanding  in  the  latter  case. 
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Figure  2.  In  situ  SE  data  of  InGaAs/InP  growth:  (a)  spectral,  and;  (b)  kinetic  representation. 
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Energy  (eV)  Energy  (eV) 

Figure  3.  Derived  n  and  k  values  for  (a)  InP;  (b)  InGaAs  at  450  °C  and  room  temperature. 

3.3.  SE  data  analysis:  Strained  InAs  and  AlAs  on  InGaAs/InP 

Optical  functions  were  obtained  for  thin  (pseudomorphic)  and  thick  (relaxed)  strained  layers 
of  AlAs  and  InAs  on  InGaAs/InP,  summarized  in  Figs.  4  and  5,  respectively.  SE  data  of  thick 
layers  (100  A)  were  selectively  analyzed  in  various  growth  regions  to  determine  the  effect  of 
strain  relaxation  on  the  optical  functions.  The  optical  functions  for  strained  AlAs  and  InAs 
were  able  to  fit  the  thin-layer  SE  spectra,  but  failed  to  fit  tbe  latter-time  growth  data, 
corresponding  to  thicker,  relaxed  films  (Figs.  4a  and  5a).  Optical  functions  for  strained  and 
relaxed  AlAs  and  InAs  are  collected  in  Figs.  4b  and  5b. 

3.4.  RTD  Growth  Monitoring 


Growth-temperature  optical  functions  were  employed  for  post-growth  analysis  of  in  situ  SE 
data  from  RTD  growths.  Preliminary  analysis  shows  the  expected  correlation  between  RTD 


Figure  4.  (a)  Observed  and  calculated  SE  data  for  AlAs  growth  (3-13  min)  on  InGaAs/InP. 
The  fit  data  uses  strained  optical  constants  (alas766,  from  early  growth  times);  (b)  Optical 
functions  of  strained  (solid  and  dotted  lines)  and  relaxed  (dashed)  AlAs.  Relaxed  films 
show  higher  absorption  (k  value)  between  2.0  and  2.7  eV. 


39 


v312;  inas2.mat,  75, 0.45R 


Strained  InAs  Optical  Constants 


Time  in  Minutes 


Model  Fit 
Exp4376.5A  ■ 

- Exp4778.8A  _ 

Exp5180.2A 
— -Exp5S80.6A  - 
-  -  Ebtp5a8Q.2A — 

- iip6278.3A  15 

. Exp  6675A 

- Exp  7069.8A 


- mas,  n 

- inas2,  n 

- inas3,  n 

~  inas,  k 

. inas2,  k 

--  inas3,k 


Figure  5.  (a)  Observed  and  calculated  SE  data  for  InAs  growth  (3-15  min)  on  InGaAs/InP. 
Strained  optical  constants  (inas2)  were  used  in  the  fit;  (b)  Optical  functions  of  strained 
(dotted  line)  and  relaxed  (solid  and  dashed  lines)  InAs. 

current  density  and  AlAs  barrier  thickness,  determined  using  either  SE  or  REMS.  The  SE 
data  also  indicate  the  presence  of  thickness  asymmetry  between  the  first  and  second  barriers 
in  each  RTD,  which  is  consistent  with  the  observed  asymmetry  in  RTD  peak  current. 

4.  Conclusions 


Optical  constants  for  the  AlAs/InGaAs  RTD  material  system  have  been  determined  using  in 
situ  SE  monitoring  and  post-growth,  multi-sample  analysis.  Knowledge  of  these  constants 
will  enable  SE-based  growth  control  to  improve  reproducibility  of  quantum  devices  such  as 
RTDs. 


1  2  3  4  1  2  3  4 

E  nergy  (eV)  E  nergy  (eV) 

Figure  6.  Growth-temperature  dielectric  functions  for  pseudomorphic  (a)  AlAs  and  (b)  InAs 
on  InGaAs/InP  (squares),  compared  with  unstrained  and  strained  films  at  450  °C  and 
room  temperature. 
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Abstract 

In  this  paper  we  describe  real-time  growth  control  of  MOCVD  grown  HgCdTe  using  a  novel 
and  low  cost  in-situ  multiwavelength  ellipsometer.  This  ellipsometer  acquired  in-situ  data  in 
real-time  at  44  wavelengths  in  the  spectral  range  of  415-750  nm.The  in-situ  ellipsometer  was 
mounted  on  an  MOCVD  HgCdTe  reactor,  and  a  library  of  optical  constants  as  a  function  of 
nominal  composition  of  HgCdTe  was  extracted  from  the  ellipsometric  data  acquired  during 
the  growth  of  HgCdTe  multilayer  growth  with  varying  alloy  composition.  This  library  of 
optical  constants  was  later  used  by  the  ellipsometer  in  the  composition  control  of  HgCdTe. 
Physical  model  parameters  such  as  composition  were  determined  in  real-time  from  the 
analysis  of  the  acquired  ellipsometric  data,  and  were  passed  to  a  feedback  control  program 
(external  to  the  ellipsometer  program).  Alloy  compositions  of  0.25  and  0.3  were  stabilized  by 
the  feedback  control  program  by  regulating  the  H2  flow  through  a  dimethyl  cadmium  (DMCd) 
source.  When  an  intentional  temperature  disturbance  was  introduced  during  the  control 
experiment,  the  program  re-adjusted  the  H2  flow  to  maintain  the  as-grown  composition. 

1.  Introduction 

II- VI  semiconductors,  especially  HgCdTe  are  extremely  important  for  military  optoelectronic 
applications  such  as  imaging  and  guidance  systems.  There  are  efforts  worldwide  to  grow  high 
quality  HgCdTe  by  MBE^  and  MOCVD^.  In  spite  of  the  significant  efforts  invested  in  the 
growth  of  HgCdTe,  the  current  device  yields  are  extremely  low  and  costs  unacceptably  high, 
due  mainly  to  lack  of  control  of  material  quality  and  reproducibility  during  crystal  growth. 
This  increasing  demand  to  bring  about  improved  material  quality,  device  yields  and  costs 
requires  an  in-situ,  non  destructive  technique  for  monitoring  and  process  control. 

Ellipsometry  is  an  optical  technique  used  to  measure  the  change  in  polarization  state  of 
light,  which  is  very  sensitive  to  physical  properties,  such  as  film  thickness,  composition,  and 
optical  constants.  Ex-situ  spectroscopic  ellipsometry  has  long  been  an  established  technique 
for  analyzing  bulk  materials  and  thin  films^  Combined  with  sophisticated  mathematical 
modeling  capabilities,  in-situ  ellipsometry  is  emerging  as  an  excellent  technique  to  monitor 
and  control  film  deposition  processes'*'^. 

In  this  paper  we  describe  the  application  of  multiwavelength  ellipsometry  in  monitoring 
and  controlling  composition  of  HgCdTe  growth  by  MOCVD. 

2.  Instrumentation  and  data  analysis 

A  novel  and  compact  multiwavelength  ellipsometer  was  retro-fitted  to  an  MOCVD  reactor. 
The  details  of  the  ellipsometer  and  the  MOCVD  reactor  are  described  elsewhere^.  This 
ellipsometer  acquires  in-situ  ellipsometric  data  in  real-time  at  44  wavelengths  in  the  spectral 
range  of  415-750  nm.  The  maximum  data  acquisition  rate  is  25  measurements  per  second, 
with  typical  acquisition  rate  of  1  measurement  ( 44-wavelength  data)  in  2-3  seconds.  The 
ellipsometer  data  acquisition  and  analysis  are  integrated  into  a  single  computer  program.  In 
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addition,  physical  model  parameters  such  as  thickness  and  composition  are  determined  in 
real-time  from  the  analysis  of  the  acquired  ellipsometric  data,  and  are  passed  to  a  feedback 
control  program  (external  to  the  ellipsometer  program).  The  external  program  tunes  the 
process  controller  accordingly  to  achieve  a  desired  growth.  The  ellipsometer  calibration  and 
various  in-situ  ellipsometric  data  analysis  techniques^  were  described  earlier. 

The  growth  of  HgCdTe  was  carried  out  in  a  standard  atmosphenc  pressure  horizontal 
flow  reactor.  The  reactor  is  made  of  quartz  tube  (3  inch  diameter)  with  two  optical  ports  for 
the  ellipsometer.  These  optical  ports  were  continuously  purged  by  flowing  Hz  to  keep 
windows  free  of  any  deposition.  HgCdTe  was  grown  by  simultaneous  pyrolysis  of  precursors 
DMCd,  DIPTe  and  elemental  mercury  on  a  CdTe  buffer  layer  grown  on  a  GaAs  substrate  at 
350°C.  These  precursors  were  carried  into  the  reactor  by  Hz  gas. 

3.  Library  of  optical  constants  of  HgCdTe  at  growth  temperature 

The  goal  of  the  experiment  was  to  perform  composition  control  of  the  HgCdTe  grown  at 
350°  C.  This  required  a  library  of  optical  constants  of  HgCdTe  of  various  compositions  at  the 
growth  temperature  of  350°C.  To  obtain  this  library,  a  multilayer  structure  containing  a  series 
of  different  compositions,  x  in  Hgi-x  CdxTe,  was  grown  on  a  CdTe  buffer  on  a  GaAs 
substrate.  In  addition,  real-time  ellipsometric  psi  and  delta  data  were  simultaneously  obtained 
during  the  multilayer  growth.  The  composition  of  HgCdTe  in  the  multilayer  structure  was 
varied  (from  Cd  rich  composition  to  Hg  rich  composition)  by  changing  the  hydrogen  flow 
rate  through  the  cadmium  organometallic  source  in  steps  of  5  from  30  to  5  seem.  In  order  to 
obtain  optical  contrast  between  the  layers,  the  Hz  flow  rates  were  not  changed  in  a 
descending  order,  but  were  alternated  between  a  high  and  low  flow  rate  (i.e.  15,  10,  25,  5 
and  30  seem).  We  intended  to  obtain  x  values  evenly  spread  out  between  1  and  0.  However, 
we  could  not  determine  the  actual  compositions  after  growth  either  from  FTIR  or  SIMS 
measurements  as  the  layers  were  not  thick  enough.  But,  from  the  comparison  of  the  solved 
optical  constants  of  these  layers  with  the  known  optical  constants  of  HgCdTe  at  room 
temperature^,  it  appeared  that  these  compositions  were  Hg  rich.  Therefore,  we  arbitrarily 
assigned  nominal  values  to  the  compositions  grown  at  30,  25,  20,  15,  10,  and  5  seem  Hz  flow 
rates  as  0.3,  0.25,  0.2,  0.15,  0.1,  0.08,  and  0.0  respectively.  The  real-time,  in-situ 
ellipsometric  data  are  as  shown  in  figure  1 . 


Figure  1.  Real-time  ellipsometric  psi  and  delta  data  during  the  growth  of  a  multilayer  stack  containing  layers 
of  HgCdTe  of  various  compositions.  Every  other  wavelength  of  the  44  wavelengths  in  415-750  nm  is  shown. 
t=0  to  t=11.7  -CdTe  growth;  t=11.7  to  t=30-heat  reactor  walls  and  mercuiy;  t=30  to  t=40-HgCdTe  growth  at 
15  seem  Hz  flow  rate;  t=40  to  t=46-10  seem;  t=46  to  t=51-  25  seem;  t=5 1  to  t=57-  5  seem;  t=57  to  t=60-  30 
seem. 
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Figure  2.  Library  of  optical  constants  (  represented  as  dielectric  function)  of  HgCdTe  at  350°C  of  nominal 
compositions  0.08,  0.1,  0.15,  0.2,  0.25,  0.3  and  1.0. 

The  optical  constants  of  the  CdTe  (x  =1)  were  obtained  by  selecting  ellipsometry  data  at 
multiple  instants  during  the  CdTe  growth  and  treating  the  data  as  if  they  were  obtained  from 
different  models.  This  approach,  called  multi-model  analysis,  assumed  that  the  optical 
constants  of  CdTe  at  each  instant  (model)  were  coupled  together.  The  ellipsometer  program 
then  solved  for  the  CdTe  optical  constants  and  layer  thicknesses.  The  advantage  of  this  multi¬ 
model  approach  is  that  optical  constants  can  be  obtained  in  the  presence  of  surface  roughness 
on  the  film. 

Obtaining  optical  constants  of  HgCdTe  by  the  multi-model  analysis  was  complicated  due 
to  the  presence  of  interdififusion.  We  simplified  the  analysis  by  assuming  that  each  layer  in  the 
multilayer  structure  became  optically  thick  after  a  certain  time  during  the  growth,  and  the 
pseudo-optical  constants  at  that  time  represented  the  optical  constants  at  that  composition. 
Interdifftision  and  surface  roughness  were  ignored  in  this  simplified  analysis.  Figure  2  shows 
the  extracted  library  of  optical  constants  at  various  compositions  of  HgCdTe. 

4.  HgCdTe  composition  control 

Having  obtained  a  library  of  optical  constants  of  HgCdTe  at  the  growth  temperature  of 
350°C,  we  implemented  a  feedback  control  experiment  to  monitor  and  control  the 
composition  of  the  growing  HgCdTe.  For  this  an  analog  output  line  was  run  from  the 
computer  to  the  0-5  volts  input  of  a  mass  flow  controller  (MFC).  The  MFC  was  used  to 
regulate  the  flow  of  hydrogen  gas  carried  through  the  DMCd  source.  A  qualitative  relation 
between  the  MFC  voltage  and  the  composition  was  obtained.  The  ellipsometer  program 
acquired  and  analyzed  the  real-time  data,  and  passed  the  model  fit  parameter  (composition  in 
this  case)  to  a  control  program  external  to  the  ellipsometer  program.  The  control  program 
adjusted  the  MFC  voltage  to  achieve  and  maintain  a  target  composition  using  a  simple 
proportional  algorithm.  The  time  constant  representing  the  system  response  was  set  to  a 
reasonable  value.  The  ellipsometer  data  analysis  used  the  “virtual  interface”  approach^.  A 
constant  growth  rate  of  3  A/second  was  assumed. 

Figure  3  shows  the  instantaneous  composition  of  HgCdTe  and  feedback  voltage  at  the 
MFC.  Initially,  the  MFC  was  set  to  grow  a  composition  of  0.35  .  The  control  was  then  given 
to  the  computer  to  grow  a  composition  of  0.25.  The  control  program  accordingly  adjusted 
the  mass  flow  controller  to  grow  the  composition  of  0.25,  and  in  less  than  two  minutes  it 
achieved  the  target  composition  of  0.25  and  maintained  it  to  within  ±0.01.  At  time  t=10 
minutes,  the  target  composition  was  changed  to  0.3.  The  feedback  response  changed  again, 
this  time,  to  grow  the  composition  of  0.3,  and  obtained  a  composition  of  0.29±0.02  in  about 
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7  minutes.  From  t  =0  to  t=27,  the  substrate  temperature  was  held  constant  at  350°C.  At  t=27 
minutes,  a  disturbance  in  the  temperature  of  5°C  was  given,  which  caused  the  composition  of 
the  growing  material  to  change  from  0.29  to  0.34  The  control  program  accordingly 
adjusted  the  MFC  to  compensate  for  the  temperature  disturbance  to  maintain  the  composition 
at  0.29.  The  compositions  were  later  confirmed  from  the  SIMS  analysis  of  the  post- 
deposited  film,  and  the  actual  compositions  were  found  to  be  0.25  and  0.34  for  the  nominal 
values  of  0.25  and  0.30  respectively. 


Figure  3.  Instantaneous  composition  of  HgCdTe  and  feedback  voltage  (in  percentage  of  5  volts)  during  the 
composition  control  experiment. 

5.  Conclusions 

We  have  demonstrated  the  use  of  multiwavelength  ellipsometry  in  monitoring  and  control  of 
the  composition  of  HgCdTe.  Although  the  experiment  was  performed  using  the  library  of 
optical  constants  of  nominal  HgCdTe  compositions,  the  library  can  be  easily  related  to  the 
actual  compositions  once  they  are  determined  by  using  some  independent  technique  such  as 
FTIR  or  SIMS.  The  feedback  control  algorithm  can  fiirther  be  optimized  by  implementing  a 
more  advanced  control  algorithm  and  determining  an  accurate  time  constant  of  the  system. 
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Strain  Effect  On  AlAs/InGaAs/InAs  RTD  Growth  and  Electrical  Characteristics 
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Abstract.  We  have  directly  linked  the  interface  roughness  and  electrical 
characteristics  for  pseudomorphic  AlAs/InGaAs/InAs  resonant  tunneling  diodes 
(RTDs).  For  strained  InAs  growth  at  low  growth  rate  (~  0.01  nm/s),  enhanced 
surface  roughening  has  been  observed  by  in  situ  laser  light  scattering  and  ex  situ 
transmission  electron  microscopy  (TEM);  these  data  are  consistent  with  Monte 
Carlo  simulations,  which  indicate  increased  surface  islanding  at  lower  growth  rates 
and  higher  temperatures  in  strained  systems.  The  RTD  current- voltage  curves  are 
also  sensitive  to  the  interface  roughness  with  peak-to-valley  ratio  sharply 
decreasing  at  lower  growth  rates. 

1.  Introduction 

Pseudomorphic  A1  As/In  53Ga47As/InAs  resonant  tunneling  diode  (RTD)  hetero structures  have 
been  used  as  the  basic  building  blocks  in  advanced  circuits  such  as  multi-state  memory  [1] 
and  compressed  functionality  integrated  circuits,  [2-4]  Through  the  use  of  pseudomorphic 
InAs  notch  quantum  wells  (+3.2%  lattice  mismatch  to  InP)  and  AlAs  barriers  (-3.5%  lattice 
mismatch  to  InP),  peak-to-valley  current  ratios  exceeding  50  have  been  achieved  [5]. 
However,  the  RTD  electrical  characteristics,  in  particular  the  valley  current,  are  sensitive  to 
both  the  structural  characteristics  [6]  of  the  device  (i.e.  thickness,  composition,  etc.)  and  the 
epitaxial  growth  parameters  (i.e.  growth  rate,  temperature),  as  we  show  in  this  paper. 
Specifically,  we  attribute  the  change  induced  by  growth  rate  and  temperature  to  a  3- 
dimensional  (3D)  islanding,  or  roughening,  of  the  InAs  compressive  strained  layer. 

Surface  roughening  in  strained  epitaxial  system  has  received  considerable  attention 
recently. [7]  Certain  types  of  strained  epilayers  (eg.  InAs)  tend  to  form  3D  islands  during  the 
initial  stages  of  epitaxy.  The  surface  morphology  depends  strongly  on  the  layer  strain:  as  the 
strain  increases,  the  system  grows  in  the  form  of  islands,  as  thees  reduce  the  elastic  energy  in 
the  film. [8]  In  this  case,  surface  diffusion  is  critical  for  island  formation.  Surface  roughening, 
even  prior  to  dislocation  formation,  has  been  shown  theoretically  to  affect  RTD  electrical 
characteristics.  [9]  Elastic  scattering  of  electrons  at  rough  interfaces  provides  a  mechanism  to 
alter  the  forward  electron  momentum  and  enhance  off  resonance  electron  transmission.  In  this 
paper,  we  provide  a  direct  experimental  link  between  interfacial  roughness  and  the  electrical 
properties,  specifically  the  valley  current,  of  a  resonant  tunneling  diode. 

In  the  RTD  growth,  by  changing  the  growth  conditions  of  the  InAs-notched  quantum 
wells,  we  systematically  vary  the  roughness  of  the  InAs/InGaAs  and  InGaAs/AlAs  interfaces. 
Monte-Carlo  simulations  suggest  that  slower  growth  rates  and  higher  temperatures  promote 
island  formation  in  strained  epitaxial  systems.  In  fact,  we  find  experimentally  that  the  growth 
rate  is  the  effective  parameter  for  control  of  interfacial  roughness.  Variations  in  interfacial 
roughness  are  directly  observed  through  application  of  LLS  (laser  light  scattering),  TEM 
(transmission  electron  microscopy),  and  AFM  (atomic  force  microscopy)  techniques.  We 
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demonstrate  the  effect  of  interfacial  roughness  on  RTD  electrical  characteristics  by  measuring 
I-V  curves.  Severe  degradation  in  the  peak-to-valley  ratio  is  found  with  increasing  roughness. 
Our  results  establish  a  direct  link  between  morphology  in  strained  heterostructures  and 
electrical  characteristics  of  RTDs. 


2.  Experimental 

Samples  were  prepared  in  a  VG  V90-MBE  system  on  2-inch,  epi-ready  InP(lOO)  wafers. 
Following  oxide  desorption  at  550C  for  2  min.,  an  n+  buffer  layer  of  500  nm  In  53Ga47As, 
(hereafter  referred  to  as  InGaAs),  was  first  grown  on  all  samples.  Double  barrier 
AlAs/In(Ga)As/AlAs  RTD  were  then  deposited.  The  double  barrier  structure  consisted  of 
two  AlAs  barriers  of  2  nm  separated  by  a  4.5  nm  thick  InGaAs  quantum  well  (QW)  with  an 
InAs  notch  (varied  from  2  to  3.5  nm).  Our  standard  RTD  structure  contains  2  nm  InAs.[l] 
All  growth  was  conducted  at  a  nominal  temperature  of  450C  with  the  substrate  rotating  at  20 
rpm.  Growth  interruptions  were  inserted  before  and  after  each  AlAs  barier  growth. 

To  quantify  the  effects  of  lattice  relaxation  on  the  current-voltage  characteristics  of  the 
RTD,  we  have  developed  a  vertically-integrated  resonant-tunneling  diode  (VIRTD) 
heterostructure  in  which  4  RTDs  are  grown  consecutively  and  are  separated  by  200  nm  of  n^ 
InGaAs. [6]  The  entire  stack  is  capped  by  50  nm  of  n^  (1  x  10^^  cm'^)  InGaAs  and  100  nm  of 
n^^  (5  X  lO'^  cm'^)  InGaAs  to  minimize  the  contact  resistance.  A  schematic  cross-section  of 
the  fabricated  VIRTD  is  shown  in  Figure  1. 


RTD  #1{Top) 


Using  this  stacked  RTD  approach,  we  perform  a  series  of  experiments  within  a  single 
epitaxial  growth  which  enables  us  to  explore  perturbations  in  the  current-voltage 
characteristics  caused  by  the  change  of  a  single  growth  variable.  For  example,  to  investigate 
the  dependence  of  lattice  relaxation  on  growth  rate,  we  altered  the  growth  rate  of  the  strained 
InAs  layer  within  the  two  middle  QWs  by  50%  and  90%,  respectively.  The  growth  rate  for 
the  top  and  bottom  QWs  were  held  constant  as  experimental  controls. 

The  LLS  experimental  apparatus  has  been  described  in  detail  previously.  [10]  Briefly,  a 
633  nm  5  mW  HeNe  laser  reflected  off  the  wafer  at  normal  incidence.  Diffuse  reflectance 
caused  by  non-specular  surface  morphology  was  collected  at  65°  from  the  surface  normal  and 
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detected  using  a  photomultiplier  tube  (Burle  4832).  With  this  geometry  and  laser  wavelength, 
the  detection  configuration  is  particularly  sensitive  to  surface  features  with  correlation  length 
of  0.3  pm  (K=20  pm‘').  Use  of  a  narrow  (3nm)  bandpass  filter  and  optical  chopping  with 
lock-in  detection  eliminated  various  noise  sources  and  background  drift.  In  situ  reflection 
mass  spectrometry  (REMS)  was  used  as  a  process  monitor  of  effusion  cell  flux.[ll] 
Structural  defects  were  verified  with  cross-sectional  TEM  and  surface  morphology  was 
investigated  with  AFM. 


3.  Interfacial  Roughness:  Modeling 

We  conducted  Monte  Carlo  simulations  to  investigate  how  variations  in  growth  conditions 
affect  surface  islanding  using  a  model  developed  by  Orr  et «/.[?]  The  Orr  model  incorporates 
the  lattice  elastic  energy  of  both  substrate  and  overlayer  film,  and  the  surface  energy  of  the 
film.  Particles  on  the  surface  diffuse  according  to  a  solid-on-solid  model,  where  the 
probability  of  hopping  to  a  neighboring  site  is  controlled  by  the  difference  in  strain  and 
surface  energies.  Formation  of  islands  is  determined  by  a  characteristic  diffusion  length, 
which  is  a  function  of  such  factors  as  growth  rate,  temperature,  and  the  relative  magnitudes  of 
elastic  and  surface  energies.  Island  formation  is  enhanced  for  higher  temperatures  and  lower 
growth  rates  (conditions  that  increase  surface  diffusion)  and  is  suppressed  for  lower 
temperatures  and  higher  grovsdh  rates. 

Our  simulations  indicate  that  an  order  of  magnitude  change  in  growth  rate  or  surface 
diffusion  rate  will  strongly  influence  island  formation.  Figure  2  shows  surface  roughness, 
which  we  define  in  terms  of  the  rms  height  fluctuations  on  the  surface,  as  a  function  of  growth 
rate  in  arbitrary  units  for  a  lattice  misfit  of  1 1%  between  the  substrate  and  the  overlayer.  We 
observe  that  roughness  decreases  as  growth  rate  increases  because  of  the  decrease  in  adatom 
diffusion  length  at  higher  growth  rates.  Figure  3  displays  surface  roughness  as  a  function  of 
surface  diffusion  rate,  which  depends,  in  turn,  on  substrate  temperature.  As  expected,  surface 
roughness  increases  with  higher  diffusion  rates. 


Fig.2.  Roughness  dependence  on  growth  rate. 
Roughness  is  defined  in  terms  of  height 
fluctuations;  Roughness  =  <(h-<h>)^ 


Fig.3.  Roughness  dependence  on  diffusion 
constant.  Roughness  is  defined  as 
height  fluctuation  in  Figure  2. 
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4.  Interfacial  Roughness:  Experiment 

We  have  systematically  varied  the  growth  conditions  for  the  InGaAs/InAs-notched  QW 
within  a  VIRTD  sample.  In  these  experiments,  we  varied  the  QW  growth  rate  by  as  much  as 
a  factor  of  20  while  holding  the  substrate  temperature  unchanged.  In  separate  experiment,  we 
found  that  only  small  changes  in  islanding  were  observed  over  the  acceptable  range  of 
temperatures  (350C  to  480C)  for  epitaxial  growth. 
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Fig.  4  The  REMs  and  LLS  spectra  of  VIRTD  growth  prepared  under  various  growth  rates. 

Notice  the  different  growth  rate  can  be  seen  from  the  In  and  Ga  REMS  signals. 

Roughening  causes  an  increase  in  LLS  intensity. 

Figure  4  shows  a  composite  plot  of  REMS  and  LLS  data  for  a  VIRTD  sample  grown  at 
460  °C  with  the  following  InAs  QW  growth  rates:  RTD#4(first  grown):  0.2  nm/s;  RTD#3 
0.134  nm/s;  RTD#2:  0.068A/s;  RTD#1:  0.013  A/s.  The  barrier  and  quantum  well  growth 
regimes  for  the  four  RTDs  are  indicated  by  the  REMS  data  clearly.  The  LLS  scattering  data 
indicate  no  roughening  during  growth  of  the  first  two  RTDs.  During  growth  of  the  third  and 
fourth  RTDs,  the  magnitude  of  the  LLS  signal  increases  as  the  result  of  enhanced  interfacial 
roughening  (correlation  between  increases  in  LLS  scattering  and  surface  roughening  are 
described  in  detail  in  [11]).  Because  the  amplitude  of  the  LLS  signal  does  not  continue  to 
increase  beyond  the  growth  of  the  quantum  well,  we  conclude  that  islanding  has  taken  place 
without  formation  of  dislocations,  which  usually  result  in  much  larger  and  continuing 
increases  of  the  LLS  signal. 

Figure  5  shows  the  TEM  micrographs  of  two  RTD  QWs  grown  with  InAs  growth  rates  of 
0.013  nm/s  and  0.134  nm/s.  Island  formation  or  roughening  is  clearly  indicated  at  the  Fig. 
5(a)  top  Alas/InGaAs/InAs  interface.  Because  the  top  RTD  barrier  layer  is  too  thin  to  allow 
for  flattening  of  the  interface,  the  top  barrier  layer  follows  the  roughened  contour  of  the 
InGaAs/InAs  interface.  Model  simulations  [9]  indicate  that  roughness  at  the  AlAs/InGaAs 
(barrier/quantum  well)  interface  significantly  enhances  the  RTD  valley  current.  AFM  scans 
confirm  the  TEM  results.  The  scans  were  taken  on  two  terminated-RTDs  surface  prepared 
without  the  top  AlAs  barrier.  They  show  the  average  peak  to  valley  depth  is  5  nm  for  the  one 
prepared  with  lower  InAs  growth  rate;  while  the  depth  is  around  Inm  for  the  one  grown  at 
high  InAs  growth  rate. 
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Fig.  5.  TEM  micrographs  of  two  RTD  layers  grown  with  different  InAs  growth  rates:  (a) 
0.013  nm/s,  (b)  0.13  nm/s.  The  bottom  RTD  shows  smooth  interfaces,  while  the  top 
AlAs/InGaAs/InAs  hetero structure  is  islanded,  although  the  first  AlAs  under  the  QW 
remains  flat. 


Using  straightforward  arguments  [12],  we  show  that  at  the  lower  growth  rates  we  expect 
growth  to  occur  under  equilibrium  conditions,  where  islanding  is  most  favored.  We  first 
define  the  roughness  scale  in  terms  of  the  wavelength,  A,, of  the  maximally  unstable 
perturbative  surface  mode.  The  equilibrium  gro\vth  regime  occur  when  the  diffusion  length,  L 
(defined  by  T=a/(Dt),  where  D  is  the  diffusion  constant  and  x  is  the  time  to  deposit  a 
monolayer),  is  larger  than  the  characteristic  island  size  set  by  X.  For  parameter  values 
appropriate  for  our  material  system,  a  A  of  9  nm  is  calculated. [12]  We  next  calculate  the 
diffusion  length  L  for  our  experimental  growth  conditions  to  determine  whether  we  are  in  the 
equilibrium  or  nonequilibrium  growth  regime.  For  Ga  adatoms,  the  diffusion  constant  D  = 
/)o(exp-(£y7)),  where  the  activation  energy  is  1.36  eV  and  the  constant  is  10*^  cm^/sec. 
[6]  Using  a  monolayer  thickness  of  0.3  nm,  growth  temperature  of  450  °C,  and  a  growth  rate 
of  0.2  nm/sec,  we  calculate  D  =  3.3  x  10'^^  cm^/sec  and  T  =  8.1  nm,  which  is  smaller  than  the 
characteristic  wavelength  calculated  above.  For  T  =  450  C  and  a  growth  rate  of  0.013  nm/sec, 
we  find  I  =  27.5  nm,  which  should  be  well  into  the  equilibrium  regime  where  islanding  is 
optimized. 


5.  RTD  Electrical  Characteristics 

Figure  6  shows  a  set  of  four  I-V  curves  for  a  4-RTD  stacked  set  grown  at  460  °C  with  the 
following  InAs  growth  rates:  RTD#4  (first  grown):  0.13  nm/s;  RTD#3:  0.013  nm/s;  RTD#2: 
0.065  nm/s;  RTD#  1  (Top):  0.13  nm/s.  The  first  and  fourth  RTDs  serve  as  controls.  A 
systematic  increase  in  the  valley  current  is  observed  as  the  growth  rate  is  decreased  from  0.13 
nm/s  to  0.013  nm/s.  At  the  lowest  growth  rate,  negative  differential  resistance,  the 
characteristic  RTD  signature,  has  disappeared.  These  data  indicate  the  large  impact  of  growth 
rate  (and,  therefore,  surface  roughening)  on  I-V  characteristics.  Similar  trends  have  been 
observed  in  other  repeat  experiments. 
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Fig.  6.  I-V  curves  for  a  4-peak  VIRTD  as  a  function  of  QW  growth  rate.  The  peak  to  valley 
ratio  drops  to  <  1 .0  for  the  RTD  grown  with  the  lowest  QW  growth  rate. 

6.  Conclusions 

We  have  varied  the  quantum  well  growth  rates  during  growth  of  pseudomorphic  RTDs  to 
control  the  degree  of  surface  roughening.  Data  from  LLS,  TEM,  and  AFM  show  enhanced 
surface  roughening  at  lower  growth  rates;  these  data  are  consistent  with  Monte  Carlo 
simulations,  which  indicate  increased  surface  islanding  at  lower  growth  rates  and  higher 
temperatures  in  strained  systems.  We  have  measured  the  I-V  curves  of  RTDs  as  a  function  of 
growth  rate  and  have  found  that  the  peak-to-valley  ratio  sharply  decreases  at  the  lower  growth 
rates.  We  believe  our  data  provide  the  most  direct  link  to  date  between  interfacial  roughness 
in  heterostructures  and  electrical  characteristics  of  physical  devices. 
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strained  InAs/(AIGaIn)As/InP  quantum  wells  for  1.5  -  2.5  pm 
laser  applications  grown  by  virtual  surfactant  MBE 
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Abstract.  Strained  InAs  quantum  wells  confined  by  A1  4g. JUjjAs  barriers  on  InP  substrate 
(3.2  %  mismatch)  were  fabricated  by  a  new  growth  technique  which  prevents  islanding  of  the 
highly  strained  InAs  layers.  Under  In-rich  conditions  (virtual  surfactant  MBE)  strain  relaxation 
is  suppressed  for  kinetic  reasons,  and  InAs/Al^^Gaoj^Jn^As  interfaces  of  high  structural 
perfection  were  obtained  even  far  beyond  the  critical  InAs  layer  thickness.  Spontaneous  emission 
from  InAs  single  quantum  wells  up  to  2.4  pan  at  300  K  and  stimulated  emission  from  electrically 
pumped  laser  structures  has  been  achieved. 


1.  Introduction 

The  understanding  of  compressive  or  tensile  strain  to  substantially  improve  the  performance 
of  optoelectronic  InP-based  devices  operating  in  the  1.3  -  1.6  pim  wavelength  range  [1  -  3] 
has  led  to  a  renewed  interest  in  strained  Ga^Ini.^  quantum  well  (QW)  structures  on  InP 
substrate  which  emit  in  the  spectral  range  of  1.6  -  3.0  pim  [4  -  9].  Single-mode  semiconductor 
lasem  emitting  in  this  mid-IR  region  of  the  spectrum  are  needed  for  applications  of  LIDAR 
(light  detection  and  ranging)  using  atmospheric  transmission  windows  and  remote  sensing  of 
atmospheric  gases  and  for  optical  communication  systems  based  on  low-loss  fluoride  fibers. 
The  alloy  system  GaJni./i^ySbi.y/Al,,Gai.,^ySbi.y  lattice-matched  to  GaSb  substrate  has  been 
used  successfully  for  lasers  operating  in  this  wavelength  range  [10,  11].  However,  the  GaSb- 
based  alloy  system  has  the  disadvantages  of  GaSb  compounds  being  difficult  to  etch,  having 
low  thermal  conductivity  and  dissociating  at  low  temperature  [12],  which  is  detrimental  to 
the  development  of  advanced  laser  structures.  The  superior  quality  of  InP  substrates  as 
compared  to  GaSb  substrates  and  the  elaborate  growth  and  processing  technology  of 
GaJUj^^PyASj.y  alloys  makes  this  materials  system  attractive  for  optoelectronic  devices  which 
require  lateral  confinement  of  the  active  layers.  In  addition,  the  high  compressive  strain  in 
lattice-mismatched  Ga,.Ini.,^As  QW  structures  on  InP  substrate  results  in  a  sharp  peak  of  the 
highest  in-plane  valence-band  dispersion  at  the  center  of  the  zone.  This  is  favorable  for 
reducing  undesired  non-radiative  processes,  such  as  Auger  recombination  or  intervalence 
band  absorption,  which  represent  the  major  part  of  the  threshold  current  [1  -  3]. 

Strained  InAs  QWs  confined  by  Al^Gao48.Jno52As  barriers  lattice-matched  to  InP 
substrates  have  theoretically  been  credited  a  high  potential  for  laser  application  [13].  Due  to 
the  3.2  %  difference  in  lattice  constants,  the  InAs  binary  compound  experiences  a  large 
amount  of  strain  when  grown  in  registry  with  the  underlying  InP  substrate.  This  strain  results 
in  a  room-temperature  (RT)  cut-off  wavelength  of  =  3.0  pim  for  InAs,  whereas  the 
corresponding  value  for  the  unstrained  Gao47lno53As  ternary  alloy  (lattice-matched  to  InP)  is 
X^=  1.7  /xm.  It  follows  that  the  RT  cut-off  wavelength  for  strained  InAs  QWs  confined  by 
Gao47lno53As  barriers  can  tWoretically  be  tuned  between  1.7  <X^<  2.5  pxm  by  adjusting  the 
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QW  width  between  0  and  25  monolayers  (ML)  [14]. 

In  this  paper  we  demonstrate  that  the  strained-InAs/Al^Gao4g.xIno,52As  materials  system 
is  indeed  qualified  for  emission  above  1.7  fim  at  room  temperature  and  we  report  the 
operation  of  separate-confinement-heterostructure  (SCH)  lasers  made  from  this  system. 


2.  Growth  procedure 

The  samples  of  the  present  study  are  strained  single  InAs  QWs  embedded  in  a  Gao47lno.53As 
matrix  which  are  grown  on  n''-InP(100)  substrates  by  solid-source  MBE  in  a  Riber  32  P 
system.  Previous  thermodynamic  considerations  [15]  have  indicated  that  above  a  certain 
thickness  a  strained  layer  forms  islands  to  relax  the  strain,  which  leads  to  samples  of  inferior 
structural  quality.  To  avoid  islanding  during  MBE  growth  of  InAs  on  Gao47lno53As  (3.2  % 
lattice  mismatch)  we  had  to  develop  a  modified  growth  procedure,  called  virtual-surfactant 
mediated  (VSM)  MBE  [16].  In  VSM-MBE  the  InAs  QW  is  grown  under  In-stable  conditions 
instead  of  the  conventional  As-stable  ones,  which  can  be  monitored  in-situ  by  reflection  high- 
energy  electron  diffraction  (RHEED).  Unter  these  conditions  kinetic  restrictions  are  imposed 
to  the  sticking  species  which  can  then  not  migrate  on  the  surface  to  find  proper  sites  for 
island  formation.  As  a  result,  strained-InAs/Gao.47lno53As  interfaces  of  superior  structural 
perfection  are  obtained  and  the  critical  thickness  of  the  strained  InAs  layer  before  defects  are 
generated  is  considerably  increased  [16]. 


Fig.  1  HRTEM  images  of  strained  InAs  embedded  in  03044^0.53^5;  (A)  20  ML  InAs  grown  under  As-stable 
conditions,  (B)  23  ML  InAs  grown  under  In-stable  conditions.  The  white  arrow  indicates  a  dislocation. 


3.  Structural  and  optical  properties 

In  Fig.  1  we  display  the  HRTEM  (high  resolution  transmission  electron  microscopy)  lattice 
images  of  two  Gap 47lno53As/InAs/Gao 47100 53AS  heterostructures  on  (lOO)InP  substrate  grown 
under  As-stable  (A)  and  In-stable  conditions  (B).  The  sample  A  with  20  ML  InAs  grown 
under  As-stable  conditions  contains  dislocations,  in  particular  at  the  upper  interface,  whereas 
no  dislocations  are  detectable  in  the  image  taken  from  sample  B  (23  ML  InAs  grown  under 
In-stable  conditions)  as  well  as  in  other  images  taken  from  this  sample  covering  an  area  as 
large  as  600  lattice  planes.  Although  23  ML  thick,  any  strain  relaxation  of  the  InAs  layer  is 
negligible  and  the  defect  density  is  thus  extremely  low.  The  striking  result  is  that  the  growth 
mode  of  the  InAs  film  has  a  drastic  effect  on  the  structural  integrity  of  the  upper 
InAs/Gao47lno.53As  interface  and  hence  on  the  optical  and  electrical  properties  of  the  InAs 
QW  heterostructure. 
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In  Fig.  2  we  depict  the  low-temperature  (6  K)  photoluminescence  (PL)  spectra 
obtained  from  several  strained  InAs  single  QWs  embedded  in  Gao47lno53As  of  different  well 
widths  ranging  from  2  to  23  ML.  All  samples  were  grown  under  the  favorable  In-stable 
conditions,  and  their  emission  spans  the  1.6  -  2.2  fxm  wavelength  range.  The  vertical  arrows 
indicate  the  positions  of  the  transitions  between  the  confined  electron  state  and  the 
confined  heavy-hole  state  hh^  calculated  with  the  envelope  function  model  assuming  fully 
strained  InAs  QWs  and  using  the  parameters  given  in  Ref.  [17].  Excellent  agreement  between 
calculated  and  experimental  values  is  obtained  except  for  the  thin  2  ML  and  5  ML  wells 
which  are  more  sensitive  to  interface  fluctuations.  The  PL  linewidth  first  decreases  when 
increasing  the  well  width,  and  then  increases  again  above  13  ML.  This  behavior  is  due  to  the 
fact  that  for  wider  wells  (i)  the  QW  width  fluctuations  have  less  influence  and  (ii)  the 
wavefunction  is  more  localized  in  the  QW,  i.  e.  the  ternary-alloy  broadening  from  the  barrier 
material  is  reduced  (the  broader  line  of  the  8  ML  QW  reveals  a  lower  quality  sample).  The 
linewidth  increase  for  the  wider  wells,  together  with  the  slight  decay  of  the  PL  efficiency,  is 
indicative  of  a  minor  structural  deterioration,  as  confirmed  by  X-ray  diffraction.  Nevertheless, 
the  excellent  agreement  between  experimental  and  calculated  peak  positions  indicates  that 
even  the  widest  InAs  QWs  are  elastically  strained,  as  also  observed  by  HRTEM  [16].  Note 
that  we  have  measured  the  narrowest  PL  lines  ever  reported  for  InAs  QWs  grown  on  InP 
substrates  [18],  which  reveals  the  superior  quality  of  our  samples. 

To  further  evaluate  the  potential  of  single  InAs  QWs  embedded  in  Gao47lno53As  for 
light-emitting  devices,  we  have  studied  the  temperature  dependence  of  the  luminescence.  We 
have  obtained  PL  up  to  300  K  from  all  samples  fabricated  under  In-stable  conditions.  As  an 
example  we  show  in  Fig.  3  the  300  K  spectrum  taken  from  the  23  ML  InAs  QW  sample. 
Although  the  QW  line  is  rather  broad,  its  peak  position  (2.38  /^m)  fits  well  with  the 
calculated  value  indicated  by  the  vertical  arrow.  Any  structural  relaxation  of  this  QW  would 
give  a  red-shift  by  as  much  as  0.28  /^m.  This  wavelength  of  2.38  fim  is,  to  our  knowledge, 
the  longest  wavelength  achieved  up  to  now  from  quantum  wells  grown  on  InP  substrates. 
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Fig.  2  Low-temperaUire  PL  spectra  taken 
from  strained  InAs  single  QWs  embedded  in 
Gao_47lno.53As  with  well  widths  as  indicated. 
Excitation  was  by  the  647.  1  nm  line  of  a  Kr""  laser. 


Fig.  3  Room-temperature  PL  spectrum  taken 
from  the  23  ML  wide  strained  InAs  single  QW 
embedded  in  Gao.47lnojj3As  using  the  647.1  mu  line 
of  a  Kr'^  laser  for  excitation. 


4.  Laser  characteristics 

Electrically  pumped  laser  diodes  were  fabricated  from  a  10  ML  InAs  single  QW  clad  by 
stepped  Al,^Gao48.Jnos2As  barriers,  as  schematically  indicated  in  Fig.  4.  In  Fig.  5  we  show  the 


54 


radiative  recombination  channels  I,  II  and  III  which  are  possible  in  the  studied  laser  structure 
under  different  excitation  conditions  and  which  will  be  discussed  later. 

The  output  power  versus  current  injection  for  a  typical  broad-area  (200  x  500  fim  ) 
laser  diode  under  pulsed  current  injection  (800  ns  pulse  length,  1  kHz  repition  rate)  at  80  K 
is  shown  in  Fig.  6.  The  inset  in  the  figure  displays  a  spectrum  taken  from  the  same  laser 
diode  at  J  =  1.1  Jth*  spectrum  is  centered  at  1.86  /rni  with  about  ten  clearly-resolved 
longitudinal  modes.  This  is  the  first  observation  of  laser  emission  from  InAs  QWs  grown  on 
InP  substrates.  The  peak  position  well  fits  the  value  of  the  e^-hhi  transition  calculated  for  a 
10  ML  InAs/Gao.47lno.53As  QW  (1.845  /ma).  Planar  narrow-stripe  devices  {Ifim  x  480  //m) 


Fig,  4  Layer  sequence  of  strained  InAs  single 
QW  laser  structure  indicated  by  the  variation  of  the 
conduction  band  edge  (energy  gaps  are  80  K 
values). 


Fig.  5  Radiative  recombination  channels  in  the  10 
ML  InAs  QW  laser  structure  (e^  =  174  meV,  hh^  = 
38  meV  at  80  K) 


were  also  fabricated  from  the  same  epitaxial  wafer.  In  this  case,  the  threshold  current 
intensity  at  80  K  is  40  mA  ~  1.2  kA/cm^,  which  allow  continuous  wave  (cw)  operation 
to  be  achieved.  Quantitative  measurements  of  the  light  emitted  in  cw  operation  under  100 


Fig.  6  Output  power  versus  drive  current 
measured  at  80  K  from  a  broad-area  (200  x  500 
/rm^  laser  diode.  The  inset  shows  a  spectrum  taken 
at  /  =  1.1  /,h- 


INJECTION  CURRENT 


Fig.  7  Output  power  vs  drive  current  measured  at 
80  K  from  a  narrow-stripe  diode  (7  x  480  /rm^). 
The  inset  shows  two  specUa  taken  at  60  and  450 
mA  current  injection,  respectively. 
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mA  current-injection  yield  an  output  power  of  5  mW  and  a  differential  quantum  efficiency 
of  «  15  %,  both  per  uncoated  facet. 

The  lasing  characteristics  of  the  present  diodes  strongly  depend  on  the  stripe  width, 
the  injection  current  and  the  heat-sink  temperature.  Figure  7  shows  the  output-power  vs 
drive-current  measured  at  80  K  from  a  narrow-stripe  device.  Two  spectra  taken  under  pulsed 
current  injection  of  60  mA  and  450  mA  are  displayed  in  the  inset  of  the  figure.  Several 
features  have  to  be  noted.  First,  under  low  injection  (60  mA),  the  spectrum  is  centered  at 
1.74  //m  instead  of  the  1.84  fim  obtained  with  a  broad-area  diode  (Fig.  6),  although  both 
devices  were  made  from  the  same  epitaxial  wafer.  Second,  under  high  injection  the  main 
laser  emission  occurs  at  1.57  /zm,  i.  e.  at  the  Gao47lno53As  barrier  wavelength.  Finally,  we 
have  also  noted  that  when  increasing  the  temperature  above  80  K  the  threshold  current 
density  increases  as  exp(r/TJ  with  a  low  characteristic  temperature  of  »  30  K  for  the 
broad-area  diodes  and  7^  «  35  -  40  K  for  the  narro-stripe  devices.  Above  110  K,  the  main 
laser  mode  in  both  cases  corresponds  to  the  Gao47lno53As  barrier  emission. 

To  understand  these  a  priori  puzzling  findings  one  has  to  consider  the  energy  band 
diagram  of  the  10  ML  InAs/Gao47lno.53As  QW  displayed  in  Fig.  5.  The  strained  InAs  well  is 
rather  shallow  and  the  heavy-hole  and  electron  levels  lie  only  42  meV  and  86  meV  below  the 
barrier  band-edges,  respectively.  In  addition,  InAs  has  a  low  in-plane  heavy-hole  effective 
mass  which  leads  to  rapid  filling  of  the  hole  subband  as  previously  demonstrated  by  PL 
spectroscopy  [17].  As  for  the  laser  stmcture,  reducing  the  stripe  width  leads  to  large  lateral 
losses  [19]  and  the  high  gain  required  to  overcome  them  leads  then  to  band  filling.  In  our 
case,  the  broad-area  diode  lases  on  the  ej-hh^  QW  transition  (Fig.  5  arrow  I).  For  a  narrow 
stripe  under  low  injection  (60  mA)  we  observe  a  laser  emission  at  1.74  /^m  which  coincides 
with  the  transition  between  the  QW  electron  level  Cj  and  the  Gao47lno53As  valence  band-edge 
(Fig.  5;  arrow  II).  Finally,  when  increasing  the  pump  current  the  emission  from  the  well 
saturates  (Fig.  6),  before  gain  is  achieved  on  the  Gao47lno53As  barrier  levels  (Fig.  5:  arrow 
111). 


5.  Conclusion 

We  have  fabricated  strained  InAs  quantum  wells  confined  by  Al,jGao 48.x^no.52As  barriers  on 
InP  substrate  (3.2  %  mismatch)  by  a  new  growth  technique,  called  virtual-surfactant  MBE, 
which  prevents  islanding  of  the  highly  strained  InAs  layers.  Under  such  In-rich  MBE  growth 
conditions,  strain  relaxation  is  retarded  for  kinetic  reasons,  and  InAs/Al,jGao4g.Jno52As 
interfaces  of  high  structural  perfection  were  obtained  even  far  beyond  the  critical  InAs  layer 
thickness.  We  have  achieved  spontaneous  emission  from  strained  InAs  single  quantum  wells 
up  to  2.4  fjm  at  room  temperature,  and  we  have  observed  stimulated  emission  at  80  K  from 
a  10  ML  InAs  quantum  well  SCH  laser  diode  using  electrical  pumping.  However,  the  poor 
carrier  confinement  in  the  InAs  quantum  well  of  the  present  structure  results  in  a  rapid  filling 
of  the  quantum-well  levels  which  is  detrimental  to  the  device  performance.  Work  is 
underway  in  our  laboratory  to  improve  the  carrier  confinement. 
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Abstract.  We  have  employed  a  surface  segregating  population  of  Sb  as  an 
isoelectronic  surfactant  during  solid- source  molecular  beam  epitaxy  (MBE)  of  AlGaAs  layers.  A 
steady-state  population  of  Sb  was  maintained  at  the  AlGaAs  gro'wth  surface  by  providing  a 
continuous  Sbj  flux  to  compensate  for  loss  due  to  thermal  desorption.  A  significant  improvement 
in  the  optical  quality  of  AlGaAs  layers  was  observed  by  photoluminescence.  Sharper  GaAs  QW 
PL  lines  also  indicate  smoother  inverted  (GaAs  on  AlGaAs)  interfaces  when  the  Sb  surfactant  is 
employed.  These  improvements  may  be  attributed  to  a  reduced  incorporation  of  impurities  and 
point  defects,  and/or  improved  surface  diffusion  kinetics  during  AlGaAs  MBE. 


1.  Introduction 

In  recent  years,  there  has  been  an  emerging  interest  in  the  use  of  surfactants  to  improve  film 
growth  during  molecular  beam  epitaxy  (MBE).  Most  notably,  a  single  surface  segregating 
monolayer  of  Sb  [1,2],  As  [3],  or  Te  [4]  has  been  shown  to  alter  the  growth  mode  of  Ge  on  Si 
(100)  by  suppressing  island  growth,  promoting  two-dimensional  growth,  and  thereby  improving 
the  crystalline  quality  of  the  Ge  overlayer.  Other  recent  examples  include  layer-by-layer  growth 
of  Cu  on  Ru  using  O  [5],  delayed  onset  of  relaxation  of  InGaAs  on  GaAs  using  Te  [6],  and 
improved  (lll)B-GaAs  homoepitaxy  using  In  [7]  as  surfactants.  The  mechanism  behind 
surfactant  mediated  growth  is  not  well  understood,  however,  passivation  of  dangling  bonds  at  the 
surface,  the  modification  of  the  surface  energy,  as  well  as  a  change  in  the  surface  diffusion  kinetics 
of  the  parent  species  are  all  considered  to  be  important  factors.  The  primary  criteria  for  a  possible 
surfactant  are  that  it  will  segregate  to  the  surface  of  the  growing  film  without  being  diluted  into 
the  layers,  and  that  its  surface  population  can  be  maintained  during  the  course  of  the  growth. 

AVhile  high  quality  Al^Ga^.^As  layers  are  of  extreme  technological  importance,  the  growth 
of  alloys  with  x  >  0.2  by  MBE  is  often  characterized  by  rougher  surface  morphology  [8]  and 
weaker  photoluminescence  signal  relative  to  GaAs  [9].  This  is  generally  attributed  to  the  lower 
surface  mobility  of  A1  compared  to  Ga  adatoms  at  the  usual  AlGaAs  growth  temperatures  [10],  as 
well  as  elevated  background  impurity  levels  due  to  the  gettering  abilty  of  A1  [1 1].  In  addition,  a 
"forbidden  range"  of  intermediate  growth  temperatures  is  commonly  identified  in  which  faceted 
island  growth  occurs  [12,13].  While  the  mechanisms  leading  to  the  observations  stated  above  are 
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still  in  debate,  we  consider  here  the  utility  of  using  a  surfactant  to  improve  the  bulk  optical 
properties  and  surface  morphology  of  AlGaAs  layers  grown  by  solid-source  MBE. 
Co-evaporation  of  Sb2  under  conditions  where  the  Sb  sticking  coefficient  (0^**)  is  negligible  is 
shown  to  be  a  convenient  way  to  satisfy  the  criteria  for  surfactant  growth.  Preliminary  results 
described  below  indicate  a  significant  improvement  in  the  optical  quality  of  Al^  22Gao  t^As  layers  as 
well  as  a  smoother  inverted  (GaAs  on  AlGaAs)  interface  as  observed  by  photoluminescence 
analysis. 

2.  Sb  as  surfactant  on  AlGaAs 

The  mechanisms  determining  the  incorporation  rates  of  Asj  and  Sb2  during  MBE  growth  of  (001) 
oriented  GaAsSb  and  AlGaAsSb  layers  are  complex  due  to  the  competition  among  these  species 
to  chemisorb  onto  the  same  surface  sites.  However,  As2  is  known  to  incorporate  preferentially 
over  Sb2  in  these  alloys  as  the  substrate  temperature  T,  is  increased  [14,15].  The  temperature  at 
which  c®**  becomes  negligible  will  depend  on  the  arsenic/antimony  flux  ratio,  the  overall  VAII 
ratio  as  well  as  the  film  growth  rate.  Based  on  the  reported  values  of  the  variation  of  with  T^, 
[14,15],  and  the  onset  of  Ga  re-evaporation  [16],  there  will  be  a  range  of  T^  in  which  will  be 
essentially  zero  while  no  loss  of  Ga  to  thermal  desorption  will  occur  (i.e.;  roughly  between 
650-700  °C)  .  In  this  parameter  range,  therefore,  it  is  possible  to  co-evaporate  Sb,  yet  effectively 
deposit  an  AlGaAs  alloy  film.  Moreover,  the  incident  Sb-flux  will  maintain  a  steady-state  surface 
Sb  population  by  continuously  replenishing  Sb  lost  from  the  surface  by  thermal  desorption.  This 
surface  Sb  layer  can  behave  as  a  surfactant  during  AlGaAs  MBE. 

3.  Experimental 

Samples  containing  AlGaAs  layers  were  deposited  with  and  without  Sbj  co-evaporation  in  a 
Varian  GEN-II  MBE  system  on  2-inch  diameter  semi-insulating  radiatively  heated  (001)  oriented 
GaAs  substrates.  Both  group-V  tetrameric  sources  were  cracked  to  provide  an  incident  AS2  flux 
J(As2),  and  an  incident  Sb2  flux  J(Sb2).  The  thermocouple  measurement  of  T^  was  calibrated 
against  the  substrate  oxide  desorption  temperature  (~580  °C)  and  the  temperature  at  which  Ga 
re-evaporation  during  AlGaAs  growth  becomes  significant  (700  °C).  The  run-to-run  variation  in 
T,  is  estimated  to  be  <  5  "*0  whereas  the  absolute  value  of  T^  is  estimated  to  be  +/-  15  °C. 

Nominally  undoped  1  |J.m  thick  Alo22Gao76As  layers  were  deposited  using  J(As2)  -7x10'^ 
Torr  beam  equivalent  pressure  (BEP)  at  T^  ~  690  °C  in  which  1(863)  was  varied.  The  growth  rate 
in  each  case  was  0.58  |4,m/hour.  The  change  in  the  incident  863  flux  for  each  Sb-oven  temperature 
setpoint  was  separately  measured  by  comparing  the  amu/q  =121  peak  intensity  from  a  mass 
spectrometer  positioned  in  line-of  sight  of  the  substrate  while  the  entire  incident  863  flux  was 
reflected  from  a  static  GaAs  surface  at  T^  ~  690  °C.  Absolute  flux  values  were  obtained  by 
comparing  these  peak  intensities  to  a  drop  in  the  intensity  measured  when  a  known  incident  flux 
of  Ga  is  used  to  deposit  GaSb  at  T^  ~  500  “C,  and  an  equivalent  amount  of  Sb  is  consumed. 

In  addition,  AlGaAs/GaAs  quantum  well  structures  were  grown  in  order  to  probe  the 
inverted  interface  smoothness  by  photoluminescence  (PL).  Each  of  these  nominally  undoped 
structures  consisted  of  a  5000  A  AlQ24GaQ7gAs  layer  grown  under  conditions  described  above,  a 
250  A  GaAs  quantum  well,  a  250  A  barrier,  and  a  250  A  GaAs  cap  layer.  A  30  s 
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growth  interruption  at  the  inverted  interface  was  used  to  deplete  all  of  the  remaining  Sb  at  the 
surface  and  to  reduce  to  600  °C,  which  was  maintained  for  the  remainder  of  the  growth. 

For  PL  analysis,  all  samples  were  excited  with  an  Ar^-ion  laser  using  an  exciting  power 
density  of  400  mW/cm^,  and  were  analyzed  at  2  K  using  a  modified  Bausch  &  Lomb  4-m  grating 
spectrograph.  In-situ  surface  reconstruction  transition  time  measurements  were  made  using 
reflection  high  energy  electron  diffraction  (RHEED)  along  the  [-110]  azimuth. 

4.  Results 

Two  peaks  were  mainly  observed  in  the  near  bandgap  photoluminescence  spectra  from 
unintentionally  doped  p-type  Alo22Gao7gAs  layers.  The  higher  energy  peak  is  attributed  to  bound 
exciton  (BE)  recombinations,  while  the  lower  energy  peak  includes  contributions  from 
donor-acceptor  pair  recombination  and  conduction  band  to  acceptor  recombination,  collectively 
referred  to  as  (D,A).  The  films  were  p-type  and,  based  on  the  energy  separation,  the  acceptor 
was  identified  as  carbon.  A  factor  of  merit  of  the  optical  quality  of  AlGaAs  is  the  (BE)/(D,A) 
intensity  ratio  at  low  temperatures.  Typically,  the  control  samples  grown  using  conventional 
MBE  at  T=  690  “C  exhibited  spectra  in  which  the  (D,A)  intensity  was  dominant  over  (BE).  In 
contrast,  a  dramatic  increase  in  the  (BE)  intensity  relative  to  that  of  the  (D,A)  was  observed  in 
samples  grown  using  Sb  as  a  surfactant.  Figure  1  compares  PL  spectra  from  a  1  |im  thick  layer 
grown  using  J(Sb2)  ~  4.9x10'^  mol  cm'^  s  \  to  that  grown  without  Sb.  The  (BE)/(D,A)  intensity 
ratio  increased  from  about  0.3  to  over  12,  along  with  a  five-fold  increase  in  the  integrated 
intensity. 


Figure  1.  Near  bandgap  PL  spectra  from  1  pm  thick  Alo  22Gao  7gAs 
samples  grown  with  (a),  and  without  (b)  Sb  surfactant. 

The  spectra  are  vertically  shifted  for  clarity. 

The  J(Sb2)  employed  in  this  study  ranged  from  ~  8  x  10^^  mol  cm'^  s  '  to  ~  1.05  x  lO'"'  mol 
cm'^  s*'.  The  highest  (BE)/(D,A)  ratio  and  integrated  intensity,  and  the  narrowest  (BE)  peak  (2.6 
meV  FWHM)  was  observed  in  the  sample  grown  using  an  intermediate  J(Sb2)  of  1.9x10'^  mol 
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cm'^  s\  The  peak  energies  remained  essentially  unchanged  for  the  entire  set  of  samples,  thus 
incorporation  of  Sb  into  the  layers  was  well  below  1  at.  %  under  the  growth  conditions  employed. 

In-situ  observations  of  the  film  surface  under  the  same  growth  conditions  as  described 
above  were  made  using  RHEED.  The  AlGaAs  surface  exhibited  a  streaky  (2x1)  surface 
reconstruction  pattern  with  a  faint  half-order  streak  when  no  Sb2  was  employed.  Intensity 
features  indicative  of  three-dimensional  growth  were  not  observed  even  after  1000  A  of 
deposition.  This  would  indicate  that  the  growth  conditions  were  not  within  the  "forbidden  range", 
despite  the  fact  that  a  (2x4)  reconstruction  was  not  observed.  Within  a  few  seconds  after  the  Sb 
shutter  was  opened  during  growth,  a  surface  phase  transition  from  a  (2x1)  to  a  (2x4) 
reconstruction  symmetry  was  observed  with  the  four-fold  symmetry  along  the  [-110]  azimuth. 
When  the  Sb  shutter  was  closed  during  deposition,  a  clear  transition  back  to  the  (2x1) 
reconstruction  shortly  followed.  Figure  2  shows  the  "Sb-on  (2x4)"  to  "Sb-ofF  (2x1)"  transition 
time  as  a  function  of  the  J(Sb2)  employed.  An  increase  in  the  transition  time  from  less  than  Is  to 
nearly  4  s  was  observed  when  J(Sb2)  was  varied  from  8  x  10'^  mol  cm'V*  to  1.05  x  10'"^  mol 
cm'^  s'  at  T^  =  690  "C.  This  trend  can  be  explained  by  an  increasing  steady- state  surface  riding  Sb 
population  as  J(Sb2)  is  increased.  At  higher  initial  surface  coverages,  more  time  is  needed  for  the 
Sb  to  be  depleted  by  thermal  desorption  so  that  the  (2x4)  to  (2x1)  transition  can  occur.  Shown  in 
the  same  plot  is  the  PL  (BE(/D,A)  ratio  as  a  function  of  J(Sb2). 
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Figure  2.  (2x1)  to  (2x4)  RHEED  transition  time  and  PL 
(BE)/(D,A)  intensity  versus  incident  Sb^  flux. 

Specular  RHEED  beam  intensity  measurements  at  T^  =  690  °C  indicate  an  enhancement  in 
both  the  amplitude  and  the  persistence  of  grov^h  oscillations  in  the  presence  of  Sb  at  the  surface. 
Structures  incorporating  an  inverted  interface  were  examined  by  PL  to  verify  surface  smoothening 
as  a  result  of  the  Sb  surfactant.  Figure  3  compares  2  K  PL  spectra  from  a  250  A  GaAs  quantum 
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well  layer  deposited  on  a  conventionally  grown  0.5  pm  thick  Alo24Gao76As  layer  with  that  grown 
using  1(862)  ^  ^  s’.  Both  layers  were  grown  at  1^=  690  °C  The  latter  case 

results  in  a  reduction  of  the  FWHM  from  5.1  meV  to  2.9  meV,  accompanied  by  an  eight-fold 
increase  in  intensity. 


1.50  1.51  1.52  1.53 

eV 

Figure  3.  PL  spectra  from  250  A  GaAs  QW  grown  on  0.5  pm  thick 
AlGaAs  deposited  with  (a),  and  without  (b)  Sb  surfactant 


4.  Discussion 

The  mechanisms  resulting  in  the  improvement  of  AlGaAs  layers  when  the  Sb  surfactant  is 
present  are  not  clear  at  this  time.  The  simultaneous  increase  in  the  integrated  PL  intensity  and  the 
(BE)/(D,A)  ratio  suggests  that  carbon  incorporation  is  reduced  by  the  presence  of  Sb  at  the 
surface.  Also,  the  narrowing  of  the  (BE)  peak  as  1(862)  increased  suggests  that  the  free  exciton 
recombination  is  enhanced  in  these  layers.  A  reduction  of  nonradiative  recombination  centers  in 
the  presence  of  an  862  flux  may  be  due  to  the  passivation  of  electron  traps  such  as  As-vacancies 
or  As-vacancy  containing  complexes  by  a  small  amount  of  incorporated  antimony.  Trap  gettering 
by  0.2-1  atomic  %  Sb  in  GaAs  has  been  reported  to  reduce  electron  traps  related  to  As  vacancies 
[17].  Alternatively,  the  effect  of  the  surfactant  on  the  growth  processes  may  lead  to  a  lower 
intrinsic  trap  density  in  the  films  without  necessitating  passivation. 

Isoelectronic  doping  of  GaAs  films  grown  by  metalorganic  vapor  phase  epitaxy  has 
recently  been  shown  to  result  in  improved  surface  morphology  and  reduced  dislocation  density, 
attributed  to  the  elastic  interaction  of  the  8b  with  Ga  and  As  vacancies  [18].  A  similar  mechanism 
may  be  present  in  the  AlGaAs  layers  studied  here.  However,  incorporation  of  8b  into  the  layers 
may  not  be  a  prerequisite  to  yield  a  smooth  surface.  A  smoother  growth  front  may  also  be  due  to 
increased  surface  diffusion  kinetics  in  the  presence  of  8b  ,  especially  for  A1  adatoms  that  are  far 
less  mobile  than  Ga  at  T^=  690  °C.  The  Al-8b  bond,  being  relatively  weaker  than  the  Al-As  bond, 
may  help  decrease  the  overall  diffusion  activation  barrier  for  A1  and  result  in  the  enhancement  of 
layer-by-layer  growth  as  evidenced  by  RHEED  oscillations.  One  suggested  mechanism  by  which 
roughness  is  introduced  onto  the  AlGaAs  surface  is  the  difficulty  the  adatoms  may  encounter  in 
moving  down  the  edges  of  islands  at  intermediate  growth  temperatures  [19].  One  could  speculate 
that  the  8b  at  the  surface  preferentially  occupies  these  more  stable  sites  at  the  step  edges,  and  by 
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changing  the  local  energy  configuration,  facilitates  the  descent  of  Ga  or  A1  down  the  step  edge. 
This  would  lead  to  a  smoother  inverted  interface  as  observed.  Another  possible  mechanism  for 
surface  roughening  has  been  attributed  to  the  excessive  gettering  of  ambient  oxygen  by  AlGaAs, 
which  then  segregates  and  accumulates  at  the  film  surface  [11].  One  possible  role  of  the  Sb 
surfactant  is  that  it  may  shield  the  underlying  AlGaAs  surface  from  impurities.  During  thermal 
desorption,  Sb  may  help  pull  oxygen,  carbon  or  other  impurities,  that  would  otherwise 
incorporate,  away  from  the  surface,  thus  leading  to  a  smoother  surface.  A  common  feature  of  all 
of  these  scenarios  is  that  any  increase  in  the  surface  Sb  population  in  the  low-coverage  regime  is 
likely  to  enhance  the  beneficial  effect.  This  consistent  with  the  data  shown  presented  in  Figure  2. 

In  conclusion,  we  have  shown  that  it  is  possible  to  maintain  surfactant  mediated  MBE 
growth  of  AlGaAs  by  co-evaporation  of  Sb2  in  the  appropriate  temperature  range.  We  have  also 
demonstrated  that  growth  with  the  surfactant  results  in  an  improvement  of  the  optical  quality  as 
well  as  a  smoother  inverted  interface. 
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Abstract.  This  paper  reports  the  growth  of  indium  phosphide  (InP),  gallium  phosphide 
(GaP),  and  gallium  indium  phosphide  (GalnP)  by  chemical  beam  epitaxy  (CBE)  using 
alternative  group  III  and  V  precursors.  For  the  work  reported  here,  ethyldimethylindium 
(EDMIn)  and  triisopropylgallium  (TIPGa)  were  used  as  the  In  and  Ga  precursors,  respectively, 
in  conjunction  with  three  alternative  phosphorous  (P)-sources:  tertiarybutylphosphine  (TBP), 
bisphosphinoethane  (BPE),  and  trisdimethylaminophosphine  (TDMAP).  We  also  report  for 
the  first  time  the  growth  of  GalnP  by  CBE  without  precracking  the  group  V  source  using 
TIPGa,  EDMIn,  and  TDMAP. 


1.  Introduction 


In  the  chemical  beam  epitaxy  (CBE)  technique,  the  choice  of  the  source  precursors  for 
growth  is  extremely  important  because  of  their  influence  on  background  impurity 
concentration  and  contamination,  growth  temperature,  etc.  Given  this  fact,  a  sizable  effort 
has  been  devoted  to  developing  new  sources.  Traditionally,  phosphine  (PH3), 
triethylgallium  (TEGa),  and  trimethylindium  (TMIn)  or  trie  thy  lindium  (TEIn)  were  the  most 
commonly  used  sources  in  CBE. 

PH3  is  highly  toxic  and  safer  alternatives  need  to  be  found.  Tertiarybutylphosphine 
(TBP),  bisphosphinoethane  (BPE),  and  trisdimethylaminophosphine  (TDMAP)  are  all 
liquids  with  toxicity  levels  substantially  lower  than  for  PH3.  However,  to  date,  relatively 
little  has  been  published  on  the  growth  of  III-V  compounds  by  CBE  using  these  alternative 
sources  [1-9].  TBP,  BPE,  and  TDMAP  are  50%  pyrolyzed  at  540,  500,  and  480  “C, 
respectively  [9],  in  an  ersatz  reactor  with  a  residence  time  of  approximately  1.5  seconds. 

The  goal  of  the  present  work  was  to  grow  high  quality  InP,  GaP,  and  GalnP  without  the 
need  for  a  group  V  cracker  cell.  As  discussed  below  this  was  not  possible  for  InP  using 
TBP,  BPE,  or  TDMAP;  however,  growth  of  GaP  and  GalnP  without  thermally  precracking 
was  realized  using  TDMAP  as  the  phosphorous  source. 

The  growth  of  InP  using  the  alternative  precursors  will  be  discussed  first  followed  by  a 
discussion  of  the  growth  of  GaP  with  the  main  focus  of  this  paper  being  the  growth  of 
GalnP.  Due  to  a  limited  quantity  of  BPE,  results  pertaining  to  the  growth  of  GaP  and  GalnP 
using  BPE  will  not  be  discussed  in  detail  in  this  paper. 
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Triisopropylgallium  (TIPGa)  is  known  to  have  a  lower  pyrolysis  temperature  than 
TEGa  because  of  the  weaker  Ga-alkyl  bonds  in  TIPGa  [6].  This  lower  pyrolysis  temperature 
can  lead  to  lower  growth  temperatures  which  is  highly  desirable.  For  these  reasons,  TIPGa 
was  chosen  as  the  Ga  precursor.  It  has  been  reported  that  the  effective  vapor  pressure  of 
TMIn  varies  with  time  due  to  the  tendency  to  crystallize  in  the  bubbler  [10]  and  that  TEIn 
tends  to  decompose  in  the  cylinder  during  storage  [11].  Due  to  these  shortcomings  of 
conventional  In  sources,  ethyldimethylindium  (EDMIn)  [10,12]  was  used  as  the  indium 
precursor  in  the  present  work. 


2.  Experimental  Considerations 


Epitaxial  growth  of  InP,  GaP  and  GalnP  was  performed  in  a  custom-designed  CBE 
chamber  equipped  with  diffusion  pumps  and  gas  handling  systems  for  the  group  III  and  V 
sources.  Thermally  precracked  TBP  was  injected  into  the  growth  chamber  and  controlled  by 
a  conventional  mass  flow  controller  (MFC).  The  flow  rates  of  BPE  and  TDMAP  were 
controlled  with  a  closed-loop  pressure  measurement  system.  The  TIPGa  and  EDMIn  vapors 
were  introduced  through  pressure-controlled  servo-valves  and  pyrolyzed  on  the  substrate. 
No  carrier  gas  was  used  for  any  of  the  group  III  or  group  V  precursors.  Group  V  flow  rates 
were  in  the  range  of  1  to  6  seem;  group  III  flow  rates  were  in  the  range  of  0.03  to  0.09  seem. 
Typical  group  V  cracker  cell  temperatures  were  in  the  range  of  700  to  850‘’C  with  the 
exception  of  TDMAP  for  which  the  cracker  cell  was  held  at  room  temperature  during  all 
growth  runs.  Typical  growth  rates  for  GaP,  InP,  and  GalnP  using  the  above-mentioned 
precursors  were  in  the  range  of  0.5  to  1.5  |im/hr. 


3.  Growth  of  InP  using  TBP,  BPE,  and  TDMAP 

All  InP  epilayers  were  grown  on  device  grade  semi-insulating  iron  (Fe)-doped  (100)  InP 
substrates.  Without  thermal  precracking  of  TBP,  no  InP  epitaxy  was  observed  for  VAH 
ratios  up  to  100  and  growth  temperatures  up  to  525°C.  Therefore,  it  was  concluded  that  it 
was  not  possible  to  grow  InP  using  TBP  as  the  group  V  source  without  first  thermally 
precracking  TBP.  Cracker  cell  temperatures  below  750 °C  produced  epitaxial  InP  that  had 
inferior  materials,  electrical  and  photoluminescence  (PL)  properties.  Details  of  the 
dependence  of  the  InP  epilayer  quality  on  the  cracker  cell  temperature  using  TBP  will  be 
presented  elsewhere. 

Although  excellent  morphology  was  obtained  at  growth  temperatures  as  low  as  440° C, 
both  the  electrical  and  PL  measurements  indicated  that  the  InP  epilayers  had  large  carrier 
concentrations  (^  10^7  cm' 3),  low  mobilities,  |i,  (^  1800  cm^/Vs),  and  PL  spectra 
dominated  by  donor  to  acceptor  (D-A)  transitions.  For  ^owth  temperatures  above  460° C, 
the  D-A  peak  was  extremely  small  and  strong  bound  exciton  emission  was  observed  in  the 
PL  spectra  with  a  corresponding  decrease  in  the  carrier  concentration.  To  date,  we  have 
grown  InP  using  TBP  with  room  temperature  carrier  concentrations  of  10^^  cm'^  and  values 
of  17  K  PL  full  width  at  half  maximum  (FWHM)  as  low  as  3  meV  at  an  optimum  growth 
temperature  of  500°C  and  cracker  cell  temperature  of  900°C  with  a  V/III  ratio  of  80. 

Table  1  lists  typical  Hall  and  PL  properties  of  InP  grown  using  TBP  as  a  function  of 
substrate  growth  temperature,  Tg,  at  a  fixed  VAH  ratio  of  40.  Table  2  lists  the  Hall  and  PL 
properties  for  InP  grown  with  TBP  as  a  function  of  V/III  ratio  with  Tg  fixed  at  500° C.  At 
growth  temperatures  above  460°C  PL  FWHM  values  were  typically  in  the  range  of  7  to  9 
meV.  The  growth  rate  of  InP  using  TBP  is  independent  of  growth  temperature  in  the  range 
of  400  to  500°C.  From  the  results  presented  in  Tables  1  and  2,  it  can  be  seen  that  higher 
CBE  growth  temperatures  and  higher  TBP/EDMIn  ratios  produce  InP  with  better  quality 
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Table  1.  Hall  and  PL  properties  of  InP  grown  by  CBE  using  TBP  as  a  function  of  Tg 


TgCO  M-Cem^A^s) 

n  (cm‘3) 

17K  PL  peak  energy  (eV) 

PL  FWHM  (meV) 

440 

1808 

1.3  xl0l7 

1.38 

16.5 

460 

1868 

8.8  xl0l6 

1.41 

9.2 

475 

2085 

2.1  xl0l6 

1.41 

6.7 

490 

1921 

3.0x1016 

1.41 

8.2 

500 

2614 

2.0  xl0l6 

1.41 

8.7 

Table  2. 

Hall  and  PL  properties  of  InP  grown  by  CBE  using  TBP  as  a  function  of  VAH  ratio 

V/HI  |J.  (cm^/V  s) 

n  (cm‘3) 

17K  PL  peak  energy  (eV) 

PL  FWHM  (meV) 

10 

2277 

1.6x1017 

1.41 

9.3 

15 

2447 

7.7  xl0l6 

1.41 

9.2 

20 

2300 

9.1  xl0l6 

1.41 

9.0 

30 

2403 

4.1  xl0l6 

1.41 

7.9 

40 

2740 

2.8  xl0l6 

1.41 

7.9 

electrical  and  optical  properties.  With  our  present  cracker  cell  design,  we  have  performed 
some  preliminary  growths  at  higher  V/III  ratios  (up  to  80)  and  found  that  the  carrier 
concentration  decreases  to  10^^  cm"^  with  a  17K  PL  FWHM  of  3  eV.  At  substrate 
temperatures  of  520“C,  surface  morphology  worsens  and  the  electrical  properties  degrade. 
Figure  1  shows  a  plot  of  growth  rate  as  a  function  of  cracker  cell  temperature  for  a  fixed 
EDMIn  flow  of  0.088  seem  and  fixed  V/QI  ratio  of  40  at  a  growth  temperature  of  480'’C  for 
InP  grown  using  TBP.  The  decrease  in  growth  rate  with  increasing  cracker  cell  temperature 
could  be  due  to  either  site  blocking  by  radicals  generated  from  the  t-butyl  radical  breakup  or 
desorption  of  In  due  to  reactions  with  the  t-butyl  radicals  at  the  growth  surface. 


Figure  2.  Carrier  Concentration 
and  mobility  as  a  function  of 
cracker  cell  temperature  for  InP 
grown  using  TBP. 


Figure  1.  Growth  rate  as  a 
function  of  cracker  cell  temper¬ 
ature  for  InP  grown  using  TBP. 
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Table  3,  Hdl  properties  of  InP  grown  by  CBE  using  BPE  as  a  function  of  approximate 

cracker  cell  temperature,  Tc. 


Tc  CQ 

|j.  (cm^/V  s) 

n  (cm'3) 

724 

3262 

1.5x1016 

760 

3900 

6.3  xl0l5 

800 

3235 

2.3x1016 

Figure  2  shows  the  carrier  concentration  and  mobility  for  the  same  set  of  samples  used  to 
construct  the  plot  shown  in  Figure  1.  As  can  be  seen  from  Figure  2,  the  carrier  concentration 
decreases  with  increasing  cracker  cell  temperature  while  the  mobility  remains  relatively  flat 
and  even  undergoes  a  slight  decrease  with  increasing  cracker  cell  temperature.  The  mobility 
behavior  with  cracker  cell  temperature  may  be  due  to  increased  carbon  incorporation  in  the 
epilayer  at  higher  cracker  cell  temperatures. 

Based  on  the  same  methodology  used  above  for  TBP,  it  was  not  possible  for  us  to  grow 
InP  by  CBE  without  thermally  precracking  BPE.  Depending  on  the  growth  parameters, 
typici  BPE-grown  InP  epilayer  mobilities  were  in  the  range  of  3000  to  4000  cm^A^s  with 
corresponding  background  doping  levels  in  the  mid  10^^  to  low  10^^  cm"^.  Table  3  lists  the 
electrical  properties  of  BPE-grown  InP  samples  as  a  function  of  approximate  cracker  cell 
temperature  at  a  growth  temperature  of  485 “C,  a  EDMIn  flow  rate  of  0.053  seem  and  a  V/III 
ratio  of  12.  The  cracker  cell  temperature  is  approximate  as  a  detailed  calibration  was  not 
performed  on  the  particular  cracker  cell  (which  was  a  different  one  than  the  cracker  cell  used 
to  obtain  the  TBP  data  above)  used  to  obtain  the  data  in  Table  3.  The  surface  morphologies 

of  these  samples  were  excellent  with  values  of  4°K  PL  FWHM  typically  less  than  5  meV. 
Further  details  on  the  growth  of  InP  using  BPE  can  be  found  elsewhere  [4,5,9]. 

After  repeated  unsuccessful  attempts,  it  was  concluded  that  it  was  not  possible  to  grow 
InP  by  CBE  without  first  precracking  TDMAP.  This  inability  to  grow  InP  without  first 
precracking  TDMAP  is  consistent  with  the  results  of  Abernathy  et.  al.  [8].  As  discussed 
below,  growth  of  GaP  and  GalnP  is  observed  without  precracking  the  TDMAP.  We 
postulate  that  the  surface  residence  time  is  longer  on  a  GaP  surface  than  an  InP  surface 
presumably  due  to  the  larger  bond  strength  of  Ga-P  compared  to  that  of  In-P. 


4.  Growth  of  GaP  using  TBP,  BPE,  and  TDMAP 


Although  there  is  a  relatively  large  lattice  mismatch,  semi-insulating  (100)  GaAs  was  used  as 
the  substrate  for  the  growth  of  all  GaP  samples  discussed  in  this  work.  Due  to  the  indirect 
bandgap  of  GaP,  no  attempt  was  made  to  perform  PL  measurements. 

GaP  could  be  grown  with  TBP  at  a  cracker  cell  temperature  of  approximately  800°  C  and 
TIPGa  at  substrate  temperatures  as  low  as  325° C.  The  best  surface  morphology  was  obtained 
at  a  V/III  ratio  of  13  at  Tg  =  350°C  and  a  V/III  ratio  of  21  at  Tg  =  425°C  [9].  As  the  growth 
temperature  increased,  the  growth  rate  increased.  This  behavior  is  similar  to  the  result 
obtained  by  Garcia  et  al.  [7]  who  used  TEGa  and  PH3.  Typical  growth  rates  were  in  the 
range  of  1  to  2  |j.m/hr. 

Using  TDMAP,  we  were  able  to  grow  GaP  without  thermally  precracking  at  substrate 
temperatures  as  low  as  480°C.  Sharp  and  strong  x-ray  peaks  were  observed  for  GaP 
samples  grown  at  480  and  500°C  [9].  At  480°C,  the  growth  rate  of  GaP  was  0.48  |im/hr 
while  at  500°C,  the  growth  rate  was  0.66  fim/hr.  At  both  temperatures,  the  flow  rates  of 
TIPGa  and  TDMAP  were  0.07  and  0.52  seem,  respectively. 

As  mentioned  in  Section  3,  we  postulate  that  GaP  can  be  grown  without  precracking 
while  InP  cannot  because  of  the  longer  residence  time  on  the  GaP  surface  due  to  the  larger 
Ga-P  bond  strength.  TDMAP  is  thus  able  to  crack  before  desorbing  on  a  GaP  surface  while 
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it  desorbs  before  cracking  on  an  InP  surface.  Similar  GaP  results  using  TDMAP  were 
obtained  by  Abernathy  et  al.  [8] 

5.  Growth  of  GalnP  using  TBP,  BPE,  and  TDMAP 


GalnP  was  grown  on  semi-insulating  (100)  GaAs  substrates  using  EDMIn  and  TIPGa  with 
thermally  precracked  TBP  at  substrate  temperatures  ranging  from  440  to  500°C  and  V/III 
ratios  from  25  to  60  with  TBP  flow  rates  ranging  from  3.5  to  8.5  seem.  Intense  PL 
emission  was  observed  for  GalnP  grown  using  TBP.  It  was  further  observed  that,  for  a 
given  V/III  ratio,  as  the  growth  temperature  increased,  the  PL  FWHM  monotonic  ally 
decreased.  The  PL  FWHM  was  less  sensitive  to  the  V/III  ratio  although,  for  a  given  growth 
temperature,  a  trend  toward  smaller  values  of  FWHM  was  seen  as  the  V/III  increased.  The 
lowest  PL  FWHM  for  our  CBE  grown  GalnP  using  TBP  was  approximately  40  meV. 
Recently  Garcia  et  al.  [7]  have  reported  GalnP  material  growth  using  TBP  with  a  value  of  PL 
FWHM  of  40  meV. 

GalnP  samples  were  grown  using  BPE  with  intense  17K  PL  emission  at  1.982  eV  with 
a  FWHM  of  36  meV.  As  with  TBP,  it  appears  that  BPE  is  too  stable  to  crack  on  the  heated 
substrate  surface  alone  and  that  a  thermal  cracker  cell  is  required  for  growth  of  GalnP  by 
CBE  to  occur. 

For  the  first  time,  the  growth  of  GalnP  by  CBE  on  GaAs  (100)  substrates  without 
precracking  the  group  V  source  was  accomplished  using  TDMAP.  All  published  papers  to 
date  for  the  growth  of  InP  or  GalnP  by  CBE  have  used  cracker  cells  to  precrack  the  group  V 
source  [1-7,13-16].  This  is  due  to  the  large  V-radical  bond  strengths  for  the  group  V 
sources,  such  as  PH3  and  TBP,  so  that  decomposition  of  the  source  does  not  occur  in  a 
"single  bounce"  on  the  heated  substrate  at  temperatures  convenient  for  growth.  Before 
epitaxial  growth,  the  substrate  was  heated  to  the  desired  growth  temperature  under  TDMAP 
to  thermally  desorb  the  oxide.  The  group  III  flow  was  initiated  to  start  growth.  Typical 
chamber  pressures  during  growth  were  in  the  range  of  10'^  to  low  10'^  torr.  GalnP  was 
grown  on  GaAs  substrates  at  500°C  without  precracking  the  TDMAP.  The  flow  rates  of 
TIPGa,  EDMIn  and  TDMAP  were  0.05,  0.04  and  1.1  seem,  respectively.  This  gave  an 
input  V/III  ratio  of  12.  Poor  morphology  was  observed  with  lower  V/III  ratios.  The  growth 
rate  of  GalnP  is  proportional  to  the  total  group  III  flow  rate.  The  GalnP  composition  was 
determined  from  x-ray  diffraction  measurements.  Several  Intentionally  mismatched 
Gao.43Ino.57P  epilayers  to  the  GaAs  substrate  were  grown  to  demonstrate  that  In-rich  GalnP 
can  be  grown  by  CBE  without  the  need  for  precracking  TDMAP.  The  17K  PL  peak  energy 
for  a  Gao.43Ino.57P  layer  was  1.8  eV  which  was  about  100  meV  lower  than  expected  [17].  It 
was  also  observed  from  electron  diffraction  [18]  that  there  was  some  degree  of  Cu-Pt 
ordering,  which  might  account  for  the  low  PL  peak  energy  [17].  In  this  work,  FWHM 
values  as  low  as  34  meV  were  measured.  Table  5  lists  typical  growth  efficiencies  and 
growth  rates  for  GalnP  grown  using  uncracked  TDMAP.  As  can  be  seen  from  Table  5,  The 
growth  rate  is  proportional  to  the  total  group  III  flow  amount  and  the  growth  efficiency  is 
extremely  high  for  GalnP  epilayers  grown  using  uncracked  TDMAP. 

Table  5.  Relation  between  the  growth  rate  of  GalnP,  growth  efficiency  and  the  total  group 

III  flow  amount.  The  TDMAP  flow  rate  was  1.1  seem.  TIPGa+EDMIn  Flow  (seem) 
Growth  Rate  (|im/hr)  Growth  efficiency  (|am/mol) 


0.06 

0.38 

7.54  X  105 

0.09 

0.53 

7.13  X  105 

0.11 

0.70 

8.09  X  105 

7.  Conclusions 

In  conclusion  we  report  on  the  growth  of  InP,  GaP,  and  GalnP  by  CBE  using  three 
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alternative  phosphorus  sources:  TBP,  BPE,  and  TDMAP.  All  three  sources  were  capable  of 
growing  high  quality  InP,  GaP,  and  GalnP  epilayers.  For  example,  PL  FWHM  as  low  as  3 
meV  and  carrier  concentrations  of  10^^  cm"^  were  obtained  from  TBP-grown  InP.  It  was 
necessary  to  thermally  precrack  the  phosphorus  source  to  grow  InP  using  TBP,  BPE,  and 
TDMAP  and  to  grow  GaP  and  GalnP  using  TBP  and  BPE. 

We  report  several  "firsts"  for  the  growth  of  GalnP:  1)  no  precracking  of  the  P  source 
(TDMAP);  2)  use  of  novel  P-precursor  TDMAP;  and  3)  use  of  Ga  and  In  precursors  ED  Min 
plus  TIPGa.  Good  morphology  and  strong  PL  were  observed.  For  approximately  lattice- 
matched  GalnP,  the  FWHM  of  the  PL  peak  was  typically  less  than  40  meV.  Growth  of  GaP 
without  precracking  was  also  achieved.  Further  work  is  under  way  to  optimize  growth 
conditions  and  reduce  the  unintentional  doping  levels  in  the  InP  and  GalnP  epilayers. 
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Chemical  beam  epitaxy  of  InGaAs/GaAs  multiple  quantum 
wells  using  cracked  or  uncracked  tris-dimethylaminoarsenic 


H  K  Dong,  N  Y  Li,  and  C  W  Tu 

Department  of  Electrical  and  Computer  Engineering,  University  of  California  at  San  Diego,  La 
Jolla,  California  92093-0407,  USA 

Abstract:  InGaAs/GaAs  multiple  quantum  wells  have  been  grown  by  chemical  beam  epitaxy 
(CBE)  using  triethylgallium,  trimethylindium,  and  cracked  or  uncracked  tris- 
dimethylaminoarsenic  (TDMAAs).  Good  InGaAs/GaAs  interfaces  can  be  achieved  for 
samples  grown  with  cracked  TDMAAs  in  the  substrate  temperature  range  studied,  440-550  °C, 
as  evidenced  by  satellite  peaks  in  x-ray  rocking  curves.  For  samples  grown  with  uncracked 
TDMAAs  at  high  temperatures,  however,  no  satellite  peaks  were  observed.  The  indium 
composition  in  the  quantum  wells  differs  for  these  two  cases  even  with  the  same  substrate 
temperature.  The  discrepancies  may  come  from  the  different  arsenic  species  on  the  surface. 


1.  Introduction 

In  the  past  few  years,  there  have  been  many  attempts  to  replace  the  highly  toxic  and  high- 
pressured  ASH3  with  novel  organometallic  arsenic  reagents.  There  are  mainly  three 
requirements  for  new  precursors  to  be  used  in  metalorganic  molecular  beam  epitaxy 
(MOMBE)  or  chemical  beam  epitaxy  (CBE),  i.e.,  low  but  reasonable  vapor  pressure,  low 
cracking  temperature,  and  replacement  of  the  As-H  bond  (which  is  believed  to  introduce  the 
extremely  toxic  function)  by  other  ligands.  Tris-dimethylaminoarsenic  (TDMAAs, 
As[N(CH3)2]3),  with  As  directly  bonded  to  N,  has  been  proposed  as  an  alternative  source  to 
arsine[l-8].  Since  there  are  no  As-H  and  As-C  direct  bonds,  one  can  expect  TDMAAs  to 
have  lower  toxicity  and  lower  carbon  incorporation.  TDMAAs  has  been  successfully  used  in 
MOMBE  or  CBE  [1,2]  and  metalorganic  chemical  vapor  deposition  (MOCVD)  [3,4]  growth 
of  GaAs.  However,  no  results  have  been  published  so  far  on  the  growth  of  InGaAs  on  a 
GaAs  substrate  using  TDMAAs.  Pseudomorphic,  strained  InGaAs/GaAs  quantum  well 
structures  are  important  for  their  applications  in  high-speed  transistors  and  optoelectronic 
devices. 

In  this  paper,  we  report  the  CBE  growth  and  characterization  of  InGaAs/GaAs 
multiple  quantum  wells  (MQWs)  using  trimethylindium  (TMIn),  triethylgallium  (TEGa),  and 
TDMAAs.  In  order  to  obtain  more  understanding  on  the  CBE  growth  mechanism, 
comparisons  are  made  for  MQW  structures  grown  by  cracked  (Tcrack^300°C)  and  uncracked 
TDMAAs. 

2,  Experimental  Procedures 

Experiments  were  performed  in  a  modified  Perkin  Elmer  425B  MBE  system,  equipped  with 
gas  lines  for  TEGa,  TMIn,  and  TDMAAs.  TEGa  and  TMIn  were  introduced  into  the  growth 
chamber  without  any  carrier  gas  through  vapor  source  mass  flow  controllers.  TDMAAs, 
with  a  20°C  vapor  pressure  of -1.35  Torr,  was  carried  by  hydrogen  and  injected  into  the 
chamber  through  a  leak  valve.  The  TDMAAs  flow  was  determined  by  the  hydrogen  flow 
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rate,  which  was  controlled  by  a  mass  flow  controller.  Semi-insulating  (100)  GaAs  substrates 
were  chemically  etched  and  thermally  cleaned  at  about  600°C.  The  reflection  high-energy 
electron  diffraction  (RHEED)  image  was  monitored  by  a  video-camera  system.  The  intensity 
oscillation  data  were  extracted  and  analyzed  from  a  defined  region  of  a  digitized  image  that 
covered  the  specular  beam. 

lUxGai.xAs/GaAs  MQW  structures  (10  periods)  were  grown  using  cracked 
(Tcrack"3^^°C)  uncracked  TDMAAs  at  different  substrate  temperatures  (440-5  50°C). 
During  growth,  the  flow  rates  of  TEGa  and  TMIn  were  kept  at  0.4  and  0.06  seem, 
respectively,  and  the  hydrogen  flow  rate  for  TDMAAs  was  2  seem.  The  growth  was 
interrupted  for  10  seconds  between  wells  and  barriers  with  TDMAAs  supplied  constantly. 
The  well  composition  and  thickness  were  determined  from  x-ray  rocking  curve  (XRC) 
measurements  and  simulations  using  the  dynamical  theory.  The  results  were  confirmed  by 
low-temperature  photoluminescence  (PL)  measurements  and  simulations  based  on  the 
envelope-function  model. 


3.  Results  and  Discussion 

Good  InGaAs/GaAs  interfaces  can  be  achieved  for  cracked  TDMAAs  samples  in  the  whole 
substrate  temperature  range  studied,  as  indicated  by  the  sharp  satellite  peaks  in  the  XRC 
graph  of  an  InGaAs/GaAs  MQW,  as  shown  in  Fig.  1(a).  For  uncracked  TDMAAs  samples, 
however,  when  the  substrate  temperature  is  high  (525  or  550°C),  no  satellite  peaks  were 
observed  in  the  XRC  graph,  as  shown  in  Fig.  1(b).  The  dissimilar  behavior  could  be  due  to 
the  different  surface  chemical  reactions  during  InGaAs  growth  with  or  without  pre-cracking 
TDMAAs.  In  order  to  obtain  good  interfaces  for  InGaAs/GaAs  MQWs  using  uncracked 
TDMAAs,  the  substrate  temperature  must  be  in  the  range  of  440-500°C. 


Theta  (arcsec) 


Fig.  1  X-ray  rocking  curves  for  InGaAs/GaAs  MQWs  grown  at  550°C 
with  (a)  cracked  TDMAAs  and  (b)  uncracked  TDMAAs 
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Fig.  2  shows  the  full  width  at  half  maximum  (FWHM)  of  PL  exciton  peaks  as  a 
function  of  substrate  temperature.  Solid  squares  in  the  figure  indicate  the  results  using 
cracked  TDMAAs,  and  the  FWHM  decreases  as  the  substrate  temperature  increases. 
Therefore,  higher  substrate  temperature  gives  better  optical  property.  The  best  growth 
temperature  in  our  experiment  is  determined  to  be  550°C,  where  we  can  obtain  a  FWHM  of 
about  5.7  meV  while  maintaining  a  good  InGaAs/GaAs  interface.  Open  circles  in  the  plot 
represent  the  results  using  uncracked  TDMAAs.  The  FWHM  in  this  case  has  a  minimum 
value  at  525°C,  where  good  InGaAs/GaAs  interfaces  can  not  be  obtained.  Therefore,  we 
choose  the  preferred  growth  temperature  for  uncracked  TDMAAs  samples  to  be  between 
480  and  500°C,  where  the  FWHM  is  about  6. 0-7.0  meV  and  the  interfaces  are  good. 


Fig.  2  FWHM  of  PL  exciton  peaks  as  a  function  of  substrate  temperature 


From  the  XRC  data,  computer  simulations  using  the  dynamical  theory  were  conducted 
and  the  InGaAs  well  composition,  well  thickness,  and  the  GaAs  barrier  thickness  were 
deduced.  These  values  are  used  in  the  envelope-function  model  to  calculate  the  exciton 
energy  of  the  MQW  structure,  which  agrees  with  the  PL  peak  very  well. 

Fig.  3(a)  shows  the  indium  composition  in  the  quantum  wells  as  a  fiinction  of  substrate 
temperature  with  cracked  and  uncracked  TDMAAs.  For  uncracked  TDMAAs  samples 
grown  at  525  and  550°C,  composition  and  thickness  can  not  be  determined  since  the  XRCs 
are  too  broad  to  be  compared  with  simulations.  The  indium  composition  decreases 
monotonically  as  the  substrate  temperature  increases  from  440°C  to  500°C  for  uncracked 
TDMAAs  samples,  whereas  for  cracked  TDMAAs  samples,  the  indium  composition  has  a 
minimum  at  500°C.  Fig.  3(b)  shows  the  InGaAs  well  thickness  as  a  function  of  substrate 
temperature.  The  InGaAs  growth  rate  has  a  peak  value  at  480°C  for  uncracked  TDMAAs 
and  510°C  for  cracked  TDMAAs.  The  dotted  line  in  Fig.  3(a)  represents  the  corresponding 
GaAs  growth  rate  (with  the  same  TEGa  flow  rate)  as  a  function  of  substrate  temperature. 
The  GaAs  growth  rate  increases  as  the  substrate  temperature  increases,  and  becomes 
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saturated  above  500°C,  indicating  a  complete  decomposition  of  TEGa.  Moreover,  the 
complete  decomposition  of  TMIn  happens  below  440°C.  Therefore,  the  incomplete 
decomposition  of  TEGa  in  the  low  substrate  temperature  range  results  in  a  high  indium 
composition  and  low  InGaAs  growth  rate.  In  the  high  substrate  temperature  range,  surface 
segregation  of  indium  during  growth  and  lower  sticking  coefficient  of  TEGa  molecules  on  an 
indium-covered  surface  are  believed  to  be  the  reason  that  the  InGaAs  growth  rate  becomes 
lower  than  that  of  GaAs  with  the  same  TEGa  flow  rate  [9].  As  the  substrate  temperature 
increases,  more  TEGa  will  desorb  from  the  surface,  and  hence  result  in  a  lower  InGaAs 
growth  rate.  The  higher  indium  composition  at  high  substrate  temperatures  comes  from  the 
more  severe  indium  segregation.  This  is  verified  in  the  cracked  TDMAAs  case. 
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Fig.  3  (a)  Indium  composition,  and  (b)  InGaAs  well  thickness  as  a  function  of 
substrate  temperature  with  cracked  or  uncracked  TDMAAs. 


By  cracking  TDMAAs,  the  arsenic  species  involved  in  the  surface  chemical 
reactions  could  be  different  from  those  of  the  uncracked  TDMAAs.  The  arsenic  surface 
adsorption  behavior  can  greatly  influence  the  InGaAs  growth.  In  order  to  better 
understand  the  adsorption  behavior,  a  similar  study  to  Liang  and  Tu[10]  was  performed. 
It  is  known  that  the  RHEED  specular-beam  intensity  corresponds  to  the  smoothness  of  the 
surface.  During  growth  interruption,  at  high  substrate  temperatures,  the  RHEED  intensity 
decreased  after  the  TDMAAs  shutter  was  closed  because  the  desorption  of  the  adsorbed 
arsenic  species  roughened  the  surface,  as  shown  in  Fig.  4(a).  However,  at  lower  substrate 
temperatures,  the  RHEED  intensity  increased  after  closing  the  TDMAAs  shutter  since  the 
desorption  of  the  excess  accumulated  arsenic  species  from  the  surface  created  a  smoother 
surface,  as  shown  in  Fig.  4(b). 

Since  the  intensity  increases  or  decreases  exponentially,  indicating  a  first-order 
process,  the  time  constant,  to,  can  be  determined.  The  desorption  rate  constant,  k,  is  then 
l/tQ.  Fig.  5  shows  the  desorption  rate  constant  of  cracked  and  uncracked  TDMAAs  from 
GaAs  as  a  function  of  the  reciprocal  substrate  temperature.  A  discontinuity  of  the 
desorption  rate  constant  is  observed  for  both  cracked  and  uncracked  TDMAAs  at  about 
520°C.  Above  this  temperature,  the  adsorbed  arsenic  species  start  to  desorb  from  GaAs 
surface.  In  the  low  temperature  range  (Ts<520°C),  the  activation  energy  is  46  kcal/mol 
for  both  cracked  and  uncracked  TDMAAs.  In  the  high  temperature  range  (Ts>540°C), 
the  activation  energy  is  51  kcal/mol  for  cracked  TDMAAs  and  64  kcal/mol  for  uncracked 
TDMAAs.  This  tells  us  that  different  arsenic  species  are  generated  from  cracked  and 
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uncracked  TDMAAs  at  high  substrate  temperatures.  The  different  arsenic  species  will 
then  affect  the  InGaAs  growth  and  result  in  different  InGaAs/GaAs  interfaces  as  have  been 
seen  in  Fig.  1.  At  low  substrate  temperatures,  uncracked  TDMAAs  has  higher  desorption 
rate  constants  than  cracked  TDMAAs,  and  accordingly,  less  incorporation  sites  are 
blocked.  Therefore,  uncracked  TDMAAs  samples  have  a  higher  InGaAs  growth  rate  than 
cracked  TDMAAs  samples. 


Fig.  4  The  RHEED  specular-beam  intensity  of  GaAs  as  a  function  time  when  the  TDMAAs 
(uncracked)  shutter  closed  at  (a)  high  temperature  range  and  (b)  low  temperature  range,  respectively. 


Ts(°Q 


Fig.  5  The  natural  logarithm  of  the  desorption  rate  constants  of  cracked  and 
uncracked  TDMAAs  as  a  function  of  the  reciprocal  substrate  temperature. 
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4.  Conclusions 

InGaAs/GaAs  MQW  stmctures  have  been  successfully  grown  with  both  cracked  and 
uncracked  TDMAAs.  Good  InGaAs/GaAs  interfaces  and  optical  property  can  be 
achieved.  The  indium  composition  in  the  quantum  wells  and  the  InGaAs  growth  rate  are 
different  for  these  two  cases  even  with  the  same  substrate  temperature.  The  discrepancies 
may  come  from  the  different  arsenic  species  on  the  surface  from  cracked  and  uncracked 
TDMAAs,  as  have  been  shown  by  the  RHEED  study  of  TDMAAs  desorption  from  a 
GaAs  surface. 
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Strain  Characterization  of  AsH3  Induced  Exchange 
Reactions  in  InP  Grown  by  OMVPE 
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Abstract.  Behavior  of  As-P  intermixing  in  heterojunctions  of  As-compounds  grown  on  InP 
(001)  has  been  inferred  from  strain  of  very  thin  mismatched  layers  inserted  periodically  in  InP  to 
form  multilayer  superlattice  structures.  Strain  components  are  observed  for  both  As-P  exchange 
in  the  InP  and  from  inserted  layer  growth.  The  data  suggest  that  for  As-compounds  grown  on  an 
InP  surface  the  availability  of  As  for  both  layer  growth  and  As-P  exchange  is  rale-limited,  most 
likely  by  surface  kinetics,  and  an  optimum  growth  rate  occurs  for  minimizing  the  As-P 
exchange.  There  is  also  a  fixed  InAs  strain  component  inherent  to  interfaces  of  As-compounds 
on  InP.  Monolayer  thickness  layers  of  AIP  or  GaP  grown  on  the  InP  to  change  the  surface 
chemical  bonds  are  shown  to  reduce  the  As-P  exchange  somewhat  but  they  do  not  stabilize  the 
InP  surface  against  exposure  to  AsHs.  H2  and  PH3-exposures  of  the  As-terminated  surface  show 
that  P-As  exchange  to  desorb  the  As  is  slow  compared  to  As  adsorption  on  InP  by  AsH3 
exposure. 


1.  Introduction 

Compositional  intermixing  at  InGaAs/InP  heterojunctions  has  long  been  recognized  as  a 
limitation  to  achieving  perfectly  abrupt  interfaces  desired  for  device  structures.  It  is  generally 
concluded  that  intermixing  on  the  ^oup  III  sublattice  is  either  small  or  negligible,  but 
intermixing  on  the  group  V  sublattice  is  significant[l,2].  Furthermore,  the  As-P  exchange  is 
different  for  the  two  different  InGaAs/InP  interfaces  with  resulting  differences  in 
heterojunction  characteristics. 

In  this  investigation  we  provide  insight  into  the  As-P  intermixing  behavior  of  As- 
compounds  grown  on  InP  substrates  by  analyzing  the  strain  in  periodic  multilayer  structures 
specially  configured  to  reveal  As-P  exchange.  The  structures  consist  primarily  of  InP  with 
very  thin  mismatched  binary  compounds  inserted  at  ~170  A  spacing.  A  nominal  "superlattice" 
of  30  periods  is  grown  and  analyzed  by  x-ray  diffraction  (XRD)  to  obtain  a  characteristic 
superlattice  pattern.  The  separation  of  the  superlattice  zero  order  peak  from  the  substrate  (004) 
peak  shows  the  change  of  average  lattice  dimensions  due  to  elastic  accommodation  of  different 
size  atoms  within  the  thickness  of  a  170  A  thick  single  period. 


2.  Experimental 

The  OMVPE  growth  was  performed  in  a  small  scale  horizontal  reactor  with  a  radiantly  heated 
graphite  susceptor  at  temperature  of  650°C  and  pressure  of  20  Toir  on  InP  {001 )  substrates. 
Transient-free  gas  switching  was  achieved  with  a  Thomas  Swann  Epifold  low  dead-space 
manifold  using  vent/run  switching  of  established  gas  flows,  keeping  the  gas  flow  to  the 
chamber  constant,  and  balancing  the  pressure  between  vent  and  run  manifolds.  Growth 
conditions  to  achieve  reproducible  growth  rates  were  determined  from  previous  studies[3,4]. 
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Table  1  III-V  OMVPE  Growth  Rates  for  This  Study 


m-v 

±  Growth  Rate 
(A/second) 

Measurement  Technique 

InP 

2.24 

from  InP  superlattice  satellite  peak  spacing. 

InAs 

2.03 

from  InAs  monolayer  strain  in  GaAs  superlattice. 

GaAs 

2.18 

from  GaAs  superlattice  satellite  peak  spacing. 

GaP 

2.52 

from  GaP  monolayer  strain  in  InP  superlattice. 

AlAs 

2.34 

from  AlP  =  2.19  A/S  assuming  same  A1  atom  per  second  rate. 

AlP 

2.19 

from  AlP  monolayer  strain  in  InP  superlattice. 

To  analyze  the  strain  it  is  important  to  accurately  know  growth  rates  to  determine  layer 
thicknesses.  We  have  previously  shown  that  fractional  monolayer  growth  rates  are  the  same 
as  rates  for  thick  layers,  and  that  the  strains  of  superlattices  generally  are  predictable  from  the 
inserted  layer  thickness  and  mismatch[5].  Correction  for  the  strain  expansion  or  contraction 
of  the  layer’s  perpendicular  lattice  dimension  is  based  on  the  Poisson  ratio  as  outlined  by 
Homstra  and  Bartels[6].  We  use  the  growth  rates  of  these  earlier  studies  as  summarized  in 
Table  1  to  grow  layers  of  predetermined  thickness  and  strain.  The  measured  superlattice 
strain  is  related  to  the  individual  strain  components  over  the  thickness  of  one  period  as: 

(Aajya)sL  X  dsL  =  (Aaiya)ML  x  dML  +  (  unknown  )  (1) 

i.  e., [superlattice  strain]  =  [inserted  layer  strain]  +  [As-P  intermixing  strain] 

where  (Aai/a)sL  is  the  XRD  measured  superlattice  strain,  dsL  =  170  A  is  the  measured  period 
thickness,  (Aa_L/a)ML  is  the  perpendicular  strain  of  the  elastically  deformed  thin  "monolayer" 
calculated  from  its  lattice  parameter  and  elastic  coefficients,  and  dML  is  the  inserted  monolayer 
thickness.  The  unknowns  are  the  strain  and  thickness  of  the  As  replacement  of  P,  which  is 
easiest  to  describe  as  an  equivalent  thickness  of  InAs.  Other  possible  strain  components  are 
considered  insignificant.  In  particular,  strains  from  group  III  sublattice  intermixing  contribute 
nothing  to  the  superlattice  strain [5],  and  data  are  presented  below  that  show  the  rate  of  P 
replacement  of  As  is  comparatively  slow  thus  we  ignore  its  contribution.  The  superlattice 
strains  resulting  from  thin  As-compound  layers  inserted  in  InP  are  shown  in  Fig.  1.  Three 
sets  of  data  are  shown:  InAs  layer  growth,  GaAs  layer  growth  and  InAs(P)  formed  by 


Growth  Time  (Seconds) 

Figure  1.  Strain  in  30-period  InP  superlattices  formed  by  periodic  insertion  of  monolayer  equivalent 
thicknesses  of  InAs  (open  squares)  or  GaAs  (closed  circles),  or  from  ASH3  exposure  of  InP  (closed  triangles)  at 
170  A  intervals. 
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periodic  exposure  of  InP  to  AsH3.  The  strains  for  each  of  the  three  kinds  of  layers  increased 
with  growth  time,  however,  in  each  case  the  extrapolation  to  zero  time  shows  an  offset 

Aai 

compressive  strain  component,  ctq  =  -^(t=0),  equivalent  to  -'0.6  to  0.7  monolayers  of  In  As. 

cL 


Go  is  a  very  rapidly  formed  strain  attributed  to  a  combination  of  In- As  bonds  formed  when  As 
preferentially  replaces  P  on  surface  sites  when  InP  is  exposed  to  AsH3  and  As  surface  atoms 
that  are  relatively  unaffected  by  subsequent  exposure  to  PH3. 

An  important  feature  of  the  data  is  evident  by  comparing  the  slopes  of  the  measured 
strains  of  InAs  and  GaAs  layer  growth  (solid  lines)  with  their  expected  slopes  (dashed  lines). 
The  difference  between  measur^  and  expected  slopes  shows  an  additional  time  dependent 


compressive  strain  component,  a(t) 


Aa I  Aa^ 

- (meas)  -  ——(expected),  which  can  only  be 

3.  a 


attributed  to  formation  of  an  As  rich  compound,  InAs  in  our  simplified  view.  It  is  significant 
that  the  rate  of  excess  As-compound  formation  and  therefore  the  quantity  of  As-compound 
causing  the  total  strains  for  InAs  and  GaAs  growths  is  the  same  and  is  also  identical  to  the 
amount  of  InAs  formed  by  exposure  to  only  AsH3.  The  implication  is  that  the  amount  of 
available  As  to  supply  these  growths  is  rate-limited  to  the  same  fixed  amount,  and  that  there 
are  two  mechanisms  consuming  the  As:  the  layer  growth  preferentially  uses  whatever  As 
necessary  to  achieve  compound  stoichiometry  and  the  balance  of  As  contributes  to  As-P 
exchange.  In  the  absence  of  growth  all  the  available  As  contributes  to  As-P  exchange. 

The  As  rate-linoiting  reaction  step  is  attributed  to  the  surface  chemistry  kinetics  rather 
than  to  gas  phase  reactions.  In  Fig.  2  the  strain  is  compared  for  AsH3-exposed  InP 
superlattices  that  are  identical  except  for  a  1.9  times  increase  in  the  concentration  of  AsH3 
used.  The  resultant  strain  dependencies  on  time  are  identical,  thus  the  amount  of  As  available 
to  incorporation  on  the  surface  is  unchanged;  excess  AsH3  vapor  has  no  effect.  Only  the  oo 
component  has  increased  slightly. 

There  are  several  pr^ictions  for  As-P  exchange  which  can  be  made  from  this  As  rate- 
limited  interpretation  of  the  data  in  Fig.  1.  One  is  that  As-P  exchange  would  be  minimized  if 
all  the  As  is  consumed  in  the  layer  growth.  Another  is  that  if  a  growth  rate  is  established 
which  exceeds  the  As  available  to  maintain  stoichiometry,  it  would  result  in  a  Group  III  rich 
surface  which  might  result  in  liquid  formation  with  consequent  roughening  and  possible 


AsH3  Exposure  time  (seconds) 

Figure  2.  Strain  of  InAsP  formed  from  ASH3  exposure  of  InP  at  170  A  intervals  for  30  periods  comparing 
effects  of  AsH3  vapor  concentration.  Closed  circles  are  for  0.008  mole  fraction  ASH3  and  open  squares  are  for 
0.0152  mole  fraction  ASH3. 
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compositional  intermixing  when  InP  growth  is  resumed.  There  looks  to  be  an  optimum 
growth  rate  for  As-compounds  grown  on  InP. 

To  further  explore  the  initial  exposure  of  InP  to  AsHs  the  InP  surface  was  capped  with 
monolayers  of  AlP  or  GaP  to  change  the  surface  atom  bond  strength  as  a  means  of  stabilizing 
the  InP  surface  against  As-P  exchange,  as  has  been  reported  for  OMMBE  growth  of  InAlAs 
on  InP[7].  Results  shown  in  Fig.  3  compare  strains  of  identical  AsH3  exposed  superlattices 
with  and  without  a  cap  layer  of  AlP  or  GaP.  The  strains  of  AlP-only  and  GaP-only  in  InP 
superlattices  were  determined  for  the  zero  AsH3  exposure  time,  then  structures  with  identical 
AlP  or  GaP  monolayers  were  grown  with  additional  AsH3  exposure.  The  tensile  strains  from 
the  AlP  and  GaP  of -0.240%  and  -0.271%  respectively,  are  fixed  contributions  to  the  total 
strain.  The  data  of  the  strains  with  AsH3  exposure  extrapolate  to  a  co  that  is  identical  to  the 
offset  without  the  cap  layer.  The  absence  of  any  change  in  gq  in  the  presence  of  AlP  or  GaP 
suggests  that  the  interface  displacement  of  surface  P  by  As  is  the  same.  AlP  or  GaP 
monolayers  were  also  grown  following  the  AsH3  exposure  and  again  no  change  is  seen  in  gq. 
On  the  other  hand,  a(t)  is  sensitive  to  AlP  and  GaP  cap  layers  on  the  InP  surface,  and  for  both 
shows  a  decrease  in  the  compressive  strain  when  the  cap  layers  are  grown  prior  to  AsH3 
exposure,  while  there  is  little  or  no  effect  when  the  cap  layer  are  grown  after  the  AsH3 
exposure. 

To  further  assess  the  behavior  of  the  As-terminated  surface  the  desorption  of  As 
during  exposure  to  H2-only  or  H2+PH3  atmospheres  was  studied.  Fig.  4  shows  the  results 
of  a  1.38  second  ASH3  exposure  of  InP  followed  by  an  exposure  of  the  As-terminated  surface 
to  varying  periods  of  H2  or  PH3  prior  to  resuming  InP  growth  of  the  superlattice.  The  only 
strain  which  could  be  introduced  in  these  structures  would  be  compressive,  from  InAs. 
Exposure  to  H2  shows  negligible  desorption  of  As.  This  relates  to  the  apparent  InGaAs 
surface  stability  that  allows  use  of  H2  interrupts  at  this  interface  to  improve  interface 
abruptness[8,9].  The  interrupt  allows  time  to  fully  deplete  the  very  reactive  arsine  vapor  with 
no  degradation  of  the  surface  prior  to  starting  InP  growth.  The  decrease  of  strain  when  the 
As-terminated  surface  is  exposed  to  PH3  indicates  removal  of  As  and  its  replacement  by  P. 
The  rate  of  P-As  exchange  of  the  As-terminated  surface  in  the  presence  of  phosphine  is  at  a 
much  slower  rate  than  the  rate  of  As-P  exchange  in  the  presence  of  arsine.  There  is  a  distinct 
change  in  the  rate  of  As  desorption  when  the  strain  is  reduced  to  the  equivalence  of  ~2/3 


AsH3  Exposure  Time  (Seconds) 

Figure  3  Strain  of  InAsP  formed  from  ASH3  exposure  of  InP  at  170  A  intervals  for  30  periods  showing  effects 
of  adding  an  interface  layer  on  the  InP  of  -1  monolayer  AlP  or  ~1  monolayer  GaP  prior  to  ASH3  exposure 
(interface  li)  or  following  the  ASH3  exposure  (interface  l2)- 
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Interrupt  Time  (seconds) 

Figure  4.  Strain  in  InP  30  period  superlattices  formed  by  periodic  insertion  of  1.38  second  ASH3  exposure 
followed  by  an  As-desorption  growth  interrupt  in  H2  or  H2+PH3  at  170  A  intervals.  The  dotted  line  is  the 
expected  strain  for  inclusion  of  the  ~2/3  monolayer  In  As  in  the  superlaltice  equivalent  to  Gq  from  figure  1. 

monolayer  InAs  suggesting  that  the  As  is  more  easily  removed  when  in  excess  of  2/3 
monolayer  of  InAs. 

Using  the  data  of  Fig.  4  along  with  Fig.  1,  both  oo  and  a(t)  might  be  interpreted  in 
terms  of  surface  reconstruction.  For  As-compounds  formed  on  InP  from  AsH3  the 
occurrence  of  gq  equivalent  to  ~2/3  monolayer  InAs  seems  to  be  a  fundamental  feature.  This 
suggests  that  a  stable  surface  on  InP  exposed  to  AsH3  has  a  single  layer  surface 
reconstruction  with  only  partial  occupancy  of  the  surface  sites.  The  offset  strain,  cq,  is 
envisioned  as  forming  partly  when  As  substitutes  for  P  on  the  surface  at  the  start  of  As- 
compound  growth  and  partly  when  the  InP  growth  resumes  on  the  As-terminated  surface. 

The  time-dependent  strain,  a(t),  is  envisioned  as  resulting  from  a  multilayer  accumulation  of 
adsorbed  As  in  excess  of  the  semiconductor  surface  layer  analogous  to  the  multiple  dimer 
layers  seen  for  c(4x4)/d(4x4)  GaAs  surface  reconstruction.  This  excess  could  then  release 
into  the  next  InP  layer  as  the  surface  adjusts  to  the  observed  equilibrium  InP  single  layer  (2x4) 
reconstruction[10]. 


3.  Conclusions 

Superlattices  formed  by  periodic  insertion  of  strained  layers  into  an  unstrained  binary 
compound  can  be  used  to  elucidate  characteristics  of  group  V  exchange  across  heterojunction 
interfaces.  Excess  compressive  strain  when  As-compounds  are  grown  on  InP  is  attributed  to 
As  replacement  of  P,  and  the  excess  InAs  strain  component  can  be  separated  from  the 
expected  strain  of  the  inserted  thin  layer.  Strains  of  thin  As-compound  layers  grown  in  InP 
show  that  during  growth  the  amount  of  As  available  for  reaction  either  in  layer  growth  or  in 
As-P  exchange  is  rate-limited  by  surface  kinetics,  and  an  optimum  growth  rate  should  provide 
stoichiometric  layer  growth  with  minimum  As-P  exchange.  Modification  of  the  InP  surface 
chemical  bond  strength  by  growing  monolayers  of  AlP  or  GaP  has  some  effect  on  reducing 
As-P  exchange  but  does  not  stabilize  the  InP  surface  against  AsH3  exposure  for  the  OMVPE 
growth  conditions.  For  As-terminated  surfaces  exposed  to  PH3  the  P  replacement  of  As  is  a 
slow  reaction  compared  to  As  replacement  of  P  under  ASH3  exposure.  Indication  of  a  stable 
~2/3  coverage  As  surface  layer  on  InP  suggests  that  a  part  monolayer  of  InAs  at  each  interface 
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is  inherent  to  growth  of  As-compounds  in  InP,  and  additional  excess  As  from  accumulation 
on  the  As-compound  surface  can  carryover  into  subsequent  InP  growth. 
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Comparative  investigation  of  electrical  and  optical 
characteristics  of  AlxGai-xAs/GaAs  structures  deposited  by 
LP-MOVPE  and  MBE 
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A.  Forster,  J.  Lange  and  H.  Luth 

Institutfur  Schicht-  und  lonentechnik,  Forschungszentrum  Jiilich,  D-52425  Jiilich,  Germany 

Abstract:  A  comparison  of  electrical  and  optical  characteristics  of  (AlGa)As  and 
GaAs  bulk  material  as  well  as  (AlGa)As/GaAs  heterostructures  deposited  by  LP- 
MOVPE  and  MBE  at  growth  conditions  employed  for  high  frequency  device 
structural  growth  is  presented.  Characterization  of  bulk  GaAs  layers  shows  that 
electrical  and  optical  quality  is  comparable.  Bulk  (AlGa)As  layers,  however, 
differ  in  their  shallow  and  deep  level  impurity  content  -  their  concentration  is 
lower  for  MOVPE  samples.  Characterization  of  hetero structures  documents  that 
the  interfaces  are  much  rougher  for  MOVPE  samples  than  for  MBE  samples. 

1.  Introduction 

In  the  past  many  studies  have  dealt  with  the  optimization  of  the  MBE  (molecular  beam 
epitaxy)  and  MOVPE  (low  pressure  metalorganic  vapor  phase  epitaxy)  growth  processes  for 
bulk  AlxGaj.xAs  layers.  The  conditions  under  which  optimum  results  are  obtained  -  a  high 
deposition  temperature  of  over  700°C  -  is,  however,  detrimental  to  high  frequency  device 
structures  since  diffusion  takes  place  and  interfaces  are  not  perfectly  abrupt  Therefore  the 
usual  deposition  temperature  for  device  structures  (T^  <  650°C)  is  a  compromise  between 
the  growth  temperature  for  high  quality  bulk  material  (T^  ^  700°C)  and  that  for  sharp 
interfaces  (Tj)  <  600°C).  The  aim  of  this  contribution  is  not  to  compare  the  optical  and 
electrical  characteristics  of  the  best  bulk  layers  that  can  be  obtained,  but  rather  to  understand 
the  differences  in  optical  and  electrical  properties  of  MBE  and  LP-MOVPE  AlGaAs/GaAs 
structures  deposited  under  the  conditions  used  for  high  frequency  device  structural  growth. 

From  the  manufacturing  point  of  view,  LP-MOVPE  belongs  to  one  of  the  most  attractive 
processes  for  mass  production  of  device  structures.  Nevertheless  (AlGa)As/GaAs  device 
structures  such  as  HBTs  (hetero  bipolar  transistors)  and  HEMTs  (high  electron  mobilty 
transistors)  are  industrially  deposited  by  MBE,  since  the  purity  and  crystal  perfection  of 
(AlGa)As  deposited  by  MOVPE  was  insufficient  so  far.  The  metalorganic  Al-source  TMAl 
employed  is  responsible  for  the  poor  purity  of  MOVPE  (AlGa)As  samples.  The  source  is 
contaminated  with  silicon  and  oxygen  and  is  so  stable  that  it  decomposes  incompletely: 
Therefore  besides  Si  and  O  also  carbon  is  incorporated  into  the  layers.  The  MBE  process  is, 
in  contrast,  well  known  for  its  high  purity  AlGaAs  layers,  since  only  elemental  sources  are 
employed.  Production  of  layers  with  high  crystal  perfection,  homogeneity  and  sharp  interfaces 
together  with  the  possibilty  of  in  situ-growth  control  are  additional  advantages  of  the  MBE 
method. 

Recently  (AlGa)As  layers  were  deposited  by  LP-MOVPE  using  a  new  approach 
(Hardtdegen  1994):  nitrogen  instead  of  hydrogen  was  employed  as  the  carrier  gas  together 
with  dimethylethylaminealane  (DMEAAl,  (CH3)2(C2H5)N-AiH3)  and  triethylgallium  (TEGa) 
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as  metalorganic  sources  and  ASH3.  This  approach  led  to  greater  crystal  perfection  and 
homogeneity  due  to  the  carrier  gas  selected  and  less  impurity  incorporation  due  to  the  high 
purity  of  the  A1  source  and  the  absence  of  Al-C  bonds  in  the  A1  source  compound.  It  is  now 
possible  for  the  first  time  to  compare  the  electrical  and  optical  characteristics  of 
(AlGa)As/GaAs  deposited  by  both  MBE  and  LP-MOVPE. 

2.  Experimental 

The  LP-MOVPE  experiments  were  carried  out  in  a  horizontal  reactor  (Aixtron)  at  20  mbar 
and  a  gas  velocity  of  0.9  m/s  using  the  source  materials  TEGa,  DMEAAJ  and  ASH3.  The 
ambient,  N2,  was  purified  using  a  getter  column.  SiH4  was  used  as  the  source  for  n-type 
doping.  The  MBE  samples  were  deposited  in  a  standard  solid  source  Varian  Mod-Gen  II 
system  using  silicon  as  the  dopant 

The  characterization  of  bulk  layers  was  carried  out  by  van  der  Pauw-Hall  measurements 
at  77  and  300  K  to  determine  the  conductivity  and  free  carrier  concentration,  by 
photoluminescence  spectroscopy  (PL)  to  evaluate  the  crystal  quality  and  by  secondary  ion 
mass  spectrometry  (SIMS)  to  investigate  impurities. 

Heterostructures  were  characterized  by  van  der  Pauw-Hall  studies  on  modulation 
doped  two  dimensional  electron  gas  (2  DEG)  structures  in  the  temperature  range  from  4  to 
300  K  to  investigate  differences  in  dominant  scattering  mechanisms.  Interface  roughness  was 
studied  optically  by  photoluminescence  spectroscopy  on  quantum  well  structures  and 
electrically  by  the  evaluation  of  AlAs/GaAs  resonant  tunneling  diodes  (RTD),  whose  peak  to 
valley  ratio  responds  sensitively  to  the  interface  quality. 

3.  Results  and  discussion 

3.1.  2  DEG  structures 

The  starting  point  of  our  investigations  was  a  2  DEG  structure  designed  for  obtaining  high 
mobilities.  The  growth  parameter  deposition  temperature  and  the  structural  parameters  such 
as  sheet  carrier  concentration  and  spacer  thickness  were  optimized  with  respect  to  obtaining 
high  electron  mobility  for  each  growth  technique  separately.  Only  a  slightly  different  growth 
temperature  was  found  -  650  for  MOVPE  and  630°C  for  MBE.  All  other  optimum  structural 
parameters  happened  to  be  the  same.  The  Si-doped  AIq jGa^ jAs  layer  was  separated  from 
the  GaAs  channel  by  a  40  nm  thick  AlojGao.vAs  spacer.  The  optimum  sheet  carrier 
concentration  for  this  structure  was  determined  to  be  Ug  <  3x10^^  cm"^.  Temperature 
dependent  Hall  measurements  were  done  on  these  samples  (Fig.  1).  From  room  temperature 
to  about  70  K  the  mobility  of  the  samples  is  similar.  Below  this  temperature  the  curves  have  a 
different  slope.  The  increase  in  mobilty  is  higher  for  the  MBE  samples  than  for  the  MOVPE 
sample.  At  4  K  a  value  of  1.9  x  10^  cm^/Vs  was  found  for  the  MBE  sample  -  a  value  which  is 
state  of  the  art  when  no  special  optimization  procedures  are  carried  out  concerning  vacuum 
etc.  For  the  MOVPE  sample,  however,  a  mobilty  of  0.65  x  10^  cm^/Vs  was  obtained,  which 
is  a  factor  of  3  lower  than  for  the  MBE  sample,  but  which  is  one  of  the  highest  values  ever 
obtained  in  MOVPE.  Since  three  different  scattering  mechanisms  are  dominant  in  this  lower 
temperature  range  (Walukiewicz  1984)  -  residual  impurity  scattering,  remote  impurity 
scattering  and  scattering  due  to  interface  roughness  -  either  more  impurities  are  incorporated 
into  the  layers  or  rougher  interfaces  are  obtained  during  MOVPE  growth  compared  to  MBE 
growth.  The  purity  of  bulk  AIGaAs  and  GaAs  material  and/or  the  quality  of  the 
(AlGa)As/GaAs  heterointerface  is  not  only  important  for  obtaining  high  electron  mobility  at 
low  temperature  in  2  DEG  structures,  it  also  is  of  great  importance  for  high  frequency  devices 
such  as  HEMT's,  HBT's,  RTD's  and  MESFET's.  At  the  growth  conditions  used  for  2  DEG 
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structural  growth  first  the  electrical  and  optical  quality  of  bulk  GaAs  was  under  investigation. 
Under  the  same  growth  conditions  (i.e.  conditions  used  for  2  DEG  structural  growth),  then 
bulk  AIGaAs  was  characterized  and  at  last  heterostructures  were  deposited  and  studied  to 
evaluate  the  interface  roughness. 


Fig.  1 :  Dependence  of  2  DEG  mobility  on 
temperature  for  MOVPE  and  ^^E 
deposited  modulation  doped  AIq jGao  yAs 
/GaAs  heterostructures  with  40  nm  spacer 
thickness  and  a  sheet  carrier  concentration 
of  3.0  X  lO^^cm’2 

lO'  10^ 

Temperature  [  K  ] 

3.2.  Comparison  of  bulk  material 

Pure  GaAs  is  not  only  very  important  for  high  mobility  2  DEG  structures  and  GaAs/(AlGa)As 
HEMTs  (due  to  residual  impurity  scattering,  see  above),  it  also  has  a  big  influence  on 
MESFET  characteristics  since  this  device  uses  GaAs  as  the  active  layer.  To  investigate  the 
impurities  incorporated  in  GaAs,  6  pm  thick  undoped  GaAs  layers  were  deposited  on  (100) 
semiinsulating  GaAs  substrates  oriented  2°  off  towards  the  nearest  (110)  plane. 
Photoluminescence  experiments  on  these  samples  document,  that  there  is  a  great  difference  of 
the  acceptor  to  donor  ratio  between  GaAs  grown  by  MOVPE  and  material  deposited  by 
MBE.  The  intensity  ratio  of  the  acceptor  bound  exciton  transition  to  the  donor  bound  exciton 
transition  is  a  factor  3.5  higher  for  the  MBE  sample.  Electrical  characterization  by  means  of 
Hall  effect  and  C-V  measurements  shows  that  the  major  difference  between  both  samples  is 
the  type  of  the  majority  carriers:  the  MBE  layer  was  p-type  with  a  carrier  concentration  of  2  x 
IQl'^cm-^,  the  MOVPE  sample  was  n-type  with  the  same  carrier  concentration.  The  influence 
of  the  residual  majority  carrier  type  on  the  4  K  mobility  of  2  DEG  structures  with  the  same 
sheet  carrier  concentration,  however,  is  not  fully  understood.  The  FWHM  of  the  donor  bound 
exciton  transition  of  0.13  meV  for  MOVPE  GaAs  is  comparable  to  that  of  the  MBE  sample. 
All  in  all  the  difference  in  crystal  purity  and  quality  found  was  not  that  big  that  it  should  have 
an  influence  on  device  characteristics. 

To  study  the  (remote)  impurity  incorporation  in  AIq jGaQ jAs,  1  pm  thick  undoped 
layers  were  deposited  on  semiinsulating  GaAs  substrates,  oriented  2°  off  (100)  towards  the 
nearest  (llO)  plane.  Electrical  characterization  of  the  layers  using  the  Hall  effect  was  not 
successful  since  the  layers  were  highly  resistive,  i.e.  the  free  carrier  concentration  in  both 
cases  was  so  low  that  the  layer  thickness  deposited  did  not  exceed  the  depletion  zone 
thickness.  Photoluminescence  studies  at  2K  were  done  on  these  samples.  Fig. 2  shows  the 
spectra  obtained  for  the  MOVPE  and  the  MBE  sample.  The  MOVPE  sample  exhibits  a  very 
strong  peak  at  1.95  eV  with  a  FWHM  of  7.4  meV,  which  is  assigned  to  excitonic  transitions. 
Temperature  dependent  as  well  as  excitation  and  energy  dependent  PL- studies  reveal,  that  2 
excitonic  transitions  are  observed:  the  free  exciton  transition  with  a  FWHM  of  4.3  meV  and 
the  bound  exciton  transition  (which  shows  up  as  a  shoulder  in  Fig.  2)  with  a  FWHM  of  3.5 
meV.  Only  the  superposition  of  both  signals  is  seen  in  Fig.  2,  the  dominant  signal  being  the 
free  exciton  transition  for  the  MOVPE  sample.  This  feature  is  not  usually  observed  in 
(AlGa)As  with  30%  A1  content  and  can  only  be  detected  in  (AlGa)As  of  high  purity.  At  a  30 
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meV  lower  energy  an  extremely  weak  transition  is  observed,  that  can  be  identified  as  the 
donor  acceptor  transition,  the  acceptor  being  carbon.  The  MBE  sample  shows  a  factor  of  250 
weaker  luminescence.  Its  dominant  transition  is  the  donor  acceptor  transition,  which  in  part 
can  also  be  attributed  to  carbon.  The  bound  exciton  transition  has  a  FWHM  of  8.0  meV,  no 
free  exciton  transition  was  observed.  The  larger  FWHM  of  the  bound  exciton  transition  for 
MBE  (AlGa)As  together  with  the  absence  of  the  free  exciton  transition,  the  lower 
luminescence  intensity  and  a  factor  of  185  lower  ratio  of  the  bound  exciton  to  the  donor 
acceptor  transition  document  the  higher  impurity  content  and  inferiority  of  crystal  quality  in 
comparison  to  MOVPE  material.  For  heterostructural  devices  with  vertical  current  transport, 
highly  pure  (AIGa)As  is  important.  Here  our  new  MOVPE  growth  process  has  an  advantage 
over  the  standard  MBE  process.  Room  temperature  photoluminescence  measurements  were 
also  done  on  these  samples.  The  luminescence  intensity  for  the  MBE  sample  was  40  times 
weaker  than  for  the  MOVPE  sample.  Again,  the  lower  luminescence  intensity  in  the  case  of 
MBE  AlGaAs  is  an  indication  for  a  higher  concentration  of  non-radiative  recombination 
centers  and  therefore  for  the  higher  quality  of  the  MOVPE  material.  All  in  all  it  has  been 
shown  that  at  650°C  MOVPE  (AIGa)As  is  of  excellent  quality.  Remote  impurity  scattering  in 
AlxGai_xAs  is  not  the  limiting  factor  for  the  2  DEG  electron  mobility  in  MOVPE  structures 
at  low  temperatures. 


Fig.  2:  2  K  photoluminescence  spectra  for 
1  pm  thick  Alo  3Ga^  7AS  layers  deposited 
by  MOVPE  and  MBE  at  650  and  630°C, 
respectively.  A  lower  PL-intensity  (factor 
of  250),  higher  FWHM  of  the  bound 
exciton  (BE)  transition  (a  factor  of  1.6) 
and  a  lower  ratio  of  the  bound  exciton  to 
donor  acceptor  (DA)  transition  (a  factor  of 
185)  are  measured  for  the  MBE  sample; 
1.80  1.85  1.90  1.95  2.00  the  free  exciton  transition  (FE)  is  addi- 

Energy  [  eV  ]  tionally  observed  for  the  MOVPE  sample. 

Comparative  SIMS  studies  on  the  (AlGa)As  samples  were  performed.  The  oxygen  and 
carbon  concentration  in  the  layers  could  not  be  determined  for  both  layers  mentioned  above 
since  the  levels  were  below  the  detection  limit.  There  is,  however,  a  difference  in  metallic 
impurities;  even  though  both  samples  were  deposited  on  undoped  GaAs  wafers,  chrome  was 
detected  in  the  MBE  deposited  sample  in  a  quantatity  of  3  x  10 ^"^cm"^,  which  is  a  factor  of  10 
higher  than  for  the  MOVPE  sample.  Chrome  is  a  deep  level  impurity  in  GaAs  and  (AlGa)As. 
The  incorporation  of  chrome  could  be  one  reason  for  the  lower  PL  intensity  observed  for 
MBE  samples.  However,  this  does  not  seem  to  be  detrimental  to  obtaining  high  electron 
mobilities  in  2  DEG  structures  at  low  temperatures.  Deep  level  transient  spectroscopy  studies 
on  (AlGa)As  layers  deposited  by  both  growth  techniques  still  need  to  be  carried  out  to  be  able 
to  quantify  the  deep  level  impurity  content  and  their  nature. 

3.3.  Investigation  of  interface  roughness 

Using  photoluminescence  spectroscopy  at  2  K  a  single  quantum  well  structure  was  examined. 
The  7  nm  thick  GaAs  well  was  embedded  in  70  nm  thick  AIq jGao jAs  layers.  The  energetical 
position  of  the  PL-signal  originating  from  the  well  is  correlated  to  the  quantum  well 
thickness.  The  FWHM  is  dependent  on  the  abruptness  of  the  GaAs/(AlGa)As  and 
(AlGa)As/GaAs  interfaces.  A  FWHM  of  about  1  meV  (as  obtained  by  MBE  samples) 
indicates  that  the  interfaces  are  "optically  smooth".  This  does  not  mean  that  they  realy  are 
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microscopically  smooth  since  first  of  all  the  signal  represents  an  average  over  a  lateral  range 
of  the  laser  spot  (100|im).  Second,  samples  with  smaller  step  widths  than  the  exciton  radius 
(the  optical  probe)  of  about  100  A  tend  to  suggest  smooth  interfaces  (Reynolds  1985).  If  two 
signals  are  found  and  the  energetical  separation  is  appropriate,  this  feature  can  be  explained 
by  monolayer  splitting  (Christen  1990).  For  samples  deposited  by  both  deposition  techniques 
only  one  signal  from  the  well  is  observed.  No  monolayer  splitting  was  detected.  The  FWHM 
of  the  MOVPE  sample  was  3.1  meV  under  the  conditions  used  for  2  DEG  structures.  The 
broadening  in  comparison  to  MBE  samples  points  to  problems  at  the  interface.  This  could  be 
the  case  since  the  growth  process  in  terms  of  growth  interruptions  was  not  yet  optimized  with 
respect  to  interface  smoothness.  Although  the  analysis  of  FWHM  is  not  unambiguous,  the 
evidence  is  strong  that  smoother  interfaces  are  obtained  by  MBE  growth.  The  ability  to 
obtain  smoother  interfaces  will  be  one  of  the  most  important  tasks  for  fijture  investigation  and 
optimization  for  the  MOVPE  growth  process.  Smoother  interfaces  should  then  lead  to  higher 
mobilty  in  2  DEG  structures  and  higher  conductivity  in  HEMT' s. 

Interface  roughness  on  a  smaller  microscopic  scale,  where  PL  studies  fail  (step  widths 
<  100  A,  Chevoir  1993)  can  be  detected  electrically  using  resonant  tunneling  diodes.  Their  I- 
V  characteristics  have  one  peculiarity:  a  negative  differential  resistance  region  both  in  the 
negative  and  positive  voltage  range.  The  valley  current  of  these  RTD's  depends  sensitively  on 
scattering  processes  at  the  interfaces,  which  give  rise  to  a  non-resonant  tunneling  current 
contribution.  This  effect  reduces  the  PVR  (peak  to  valley  ratio).  Our  RTD's  were  fabricated 
on  highly  Si-doped  GaAs  (100)  wafers  with  the  following  layer  sequence  (Forster  1994):  1 
pm  GaAs  buffer  layer,  10  nm  GaAs  (n  =  1  x  lOl^cm"^),  10  nm  GaAs  (n  =  1  x  lOl^cm'^),  5 
nm  GaAs  spacer,  6  monolayers  (ML)  AlAs  barrier,  5  nm  GaAs  spacer,  1 0  nm  GaAs  (n  =  1  x 
lOl^cm"^),  10  nm  GaAs  (n  =  1  x  lO^'^cm’^)  and  finally  a  0.5  pm  thick  highly-doped  n+  (n  =  5 
x  lOl^cm-3)  GaAs  top  layer.  The  diodes  were  prepared  in  the  way  described  by  Forster 
(1994).  The  I-V  characteristics  for  both  the  MBE  and  the  MOVPE  deposited  diodes  are 
presented  in  Fig.  3.  Using  diodes  of  the  same  size  deposited  at  the  growth  conditions  used  for 
2  DEG  structures  a  PVR  of  2.4  was  obtained  for  the  MOVPE  diode  whereas  more  than 
double  this  value  (PVR  =5.0)  was  measured  for  MBE  diodes.  The  higher  PVR  of  the  MBE 
diode  is  another  indication  that  the  interface  roughness  is  higher  for  MOVPE  diodes  not  only 
on  a  larger  but  also  on  a  microscopically  smaller  scale  and  documents  the  superiority  of  the 
MBE  growth  technique  at  present  for  devices  that  are  extremely  sensitive  to  interface 
roughness. 


0  0.2  0.4  0.6  0.8  1 

Voltage  [V] 


Fig.  3;  I-V  characteristics  of  AlAs/GaAs 
resonant  tunneling  diode  structures 
deposited  by  MOVPE  at  650°C  and  MBE 
at  630®C  containing  5  nm  of  GaAs  well 
surrounded  by  6  monolayers  of  AlAs 
barriers.  The  PVR  is  2.4  and  5.0  for  the 
MOVPE  and  MBE  samples,  respectively. 


3.4.  Comparison  of  homogeneity 

One  precondition  for  industrial  mass  production  of  electronic  devices  is  the  uniformity  of  the 
layers  deposited.  The  homogeneity  in  thickness,  composition  and  conductivity  should  be 
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within  the  range  of  ±  1%.  This  precondition  is  easily  fulfilled  by  the  MBE  deposition 
technique  since  the  deposition  of  highly  homogeneous  layers  has  always  been  a  special 
strongpoint  of  MBE.  More  effort  has  to  be  made  with  MOVPE.  Earlier  investigations  have 
shown  (Hardtdegen  1994),  that  the  use  of  the  carrier  gas  nitrogen  greatly  improves  the 
homogeneity  of  MOVPE  layers.  This  new  approach  together  with  substrate  rotation  should 
lead  to  the  best  results.  Macroscopic  thickness  homogeneity  of  GaAs  and  compositional 
homogeneity  of  AIq  sGaojAs  was  studied  by  PL  spectroscopy  using  the  quantum  well 
structure  mentioned  above  and  a  bulk  layer,  respectively.  The  uniformity  was  within  a 
standard  deviation  of  i  1  %  on  a  full  two  inch  wafer.  The  thickness  homogeneity  of 
(AlGa)As,  which  was  detected  by  surface  profiling  on  selectively  etched  samples,  proved  to 
be  also  within  a  standard  deviation  of  ±  1  %.  The  biggest  challenge  is  to  meet  the  conductive 
homogeneity  value.  Here  the  homogeneity  for  a  Si-doped  GaAs  layer  even  was  well  within 
the  1  %  limit  i.e.  ±  0.6  %  on  a  full  two  inch  wafer.  In  conclusion  all  requirements  for 
homogeneous  growth  have  now  also  been  fulfilled  for  the  MOVPE  growth  technique. 

4.  Conclusion 

In  this  study  we  have  compared  the  optical  and  electrical  characteristics  of  LP-MOVPE  and 
MBE  (AlGa)As/GaAs  structures  deposited  at  growth  conditions  used  for  device  structures. 
The  2  DEG  electron  mobility  at  low  temperature  was  a  factor  of  3  lower  for  MOVPE 
structures  than  for  MBE  structures.  The  residual  impurity  concentration  in  GaAs  is  the  same 
for  both  growth  techniques,  the  type  of  majority  carriers  is,  however  different  (p-type  for 
MBE  and  n-type  for  MOVPE  samples).  The  remote  impurity  concentration  in  iMo.3Gao.7As  is 
lower  for  the  MOVPE  samples.  At  the  growth  conditions  employed  the  optical  quality  of 
MOVPE  (AlGa)As  is  superior  to  that  of  the  MBE.  Studies  on  interface  roughness  indicate, 
that  the  factor  of  3  lower  2  DEG  mobilities  at  low  temperature  for  MOVPE  samples  is  due  to 
scattering  at  the  interface.  The  control  of  layer  homogeneity  in  terms  of  thickness, 
composition  and  conductivity  is  comparable  for  both  deposition  techniques  and  meets  the 
requirements  for  device  fabrication. 
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Graded  Inxo<x<0.5G31-x^s/InP  buffer  layers  on  GaAs 
prepared  by  molecular  beam  epitaxy 
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Abstract.  Compositionally  graded  ^Gaj.^^As  buffer  layers  are  pre¬ 

pared  to  relieve  the  misfit  strain  between  GaAs  substrate  and 
InQ  ^Ga^  ^As/InQ  5AIQ  5AS  modulation  doped  heterostructure.  Different  linearly 
graded  buffer  layers,  with  the  initial  In  mole  fraction  varying  between  0  and  0.5 
are  investigated  by  X-ray  diffraction,  atomic  force  microscopy  and  Hall 
measurements.  The  best  compromise  in  terms  of  surface  smoothness  and  electron 
mobility  is  achieved  for  x^  =  0.18.  An  additional  InP  buffer  layer  between  graded 
Ino  ig<x<o.5Ga]^_xAs  layer  and  modulation  doped  heterostructure  provides  a 
significant  improvement  of  the  electron  mobility  and  increases  the 
photoluminescence  intensity.  The  highest  electron  mobilities,  which  are  achieved 
for  InQ^Gao^As  quantum  wells,  are  11,050  cm2/Vs  at  room  temperature  and 
74,830  cm2m  at  77K. 


1.  Introduction 

The  heteroepitaxy  of  lattice  mismatched  semiconductor  crystals,  such  as  for  example  SiGe/Si, 
ZnSe/GaAs  or  InGaAs/GaAs,  has  attracted  considerably  interest  in  recent  years.  Many 
investgations  of  these  materials  have  been  made  concerning  device  applications  and  strain 
relaxation  processes  [1-4].  Strain  relaxation  of  lattice  mismatched  epilayers  occurs  by  the 
formation  of  misfit  dislocations  when  the  layer  thickness  exceeds  the  critical  thickness  for 
plastic  relaxation.  Strain  relaxed  buffer  layers  with  a  thickness  well  above  the  critical  value  are 
applied  for  semiconductor  devices  which  have  a  high  lattice  mismatch  of  several  per  cent. 

Significant  work  has  been  focused  on  the  Iuq  5Gao  5 As  buffer  layers  with  the  lattice 
constant  close  to  InP.  Uniform  InQ  5Ga()  5 As  layers  on  GaAs  with  several  pm  thickness,  have 
a  high  density  of  misfit  defects  on  the  surface  of  typically  10^  cm-2,  which  results  in  poor 
crystal  quality  [5].  The  application  of  compositionally  graded  buffer  layers  provides  a  much 
lower  defect  density  of  less  than  10^  cm-2  [6],  In  addition,  these  strain  relaxed  graded  layers 
show  a  characteristic  surface  roughness  ('cross  hatching'). 

In  this  contribution  we  report  about  graded  InxQ<x<Q  5Gaj_^As  buffer  layers  which  are 
prepared  by  molecular  beam  epitaxy  on  (001)  GaAs.  The  graded  buffer  layers  have  a  thickness 
of  less  than  1  pm.  Different  buffer  layers,  with  the  initial  In  mole  fraction  x^  varying  between 
0  and  0.5  are  investigated  by  X-ray  diffraction,  Hall  measurements,  photoluminescence  (PL), 
atomic  force  microscopy  (AFM)  and  transmission  electron  microscopy  (TEM).  The 
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introduction  of  a  relaxed  InP  buffer  layer  on  top  of  the  graded  Ino.i8<x<0.5Gai-xAs  layer  ^ 
investigated  with  regard  to  the  optical  and  electronic  properties  of  modulation  doped 
heterostructures. 


2.  Crystal  growth 


The  samples  are  prepared  using  solid  source  molecular  beam  exitaxy  (MBE).  The  GaAs 
substrates  are  (001)  oriented  with  a  miscut  of  about  O.T.  The  graded  InGaAs  layers  are 
grown  at  a  low  substrate  temperature  (Tg^j^=320°C),  which  is  measured  with  a  thermocouple 
refering  to  the  oxide  desorbtion  temperature  of  the  GaAs  substrate  (580°).  The  low  growth 
temperature  results  in  two-dimensional  growth  as  observed  with  reflecting  high  energy 
electron  diffraction  (RHEED),  because  the  island  formation  (Stransky-Krastanov  mode)  is 
suppressed.  However,  samples  grown  at  low  temperature  indicate  a  microscopic  surface 
roughness.  In  order  to  diminish  this  surface  roughness  the  deposition  was  interrupted  after 
every  200  monolayers,  and  subsequently  the  samples  were  annealed  at  420°C.  This  annealing 
steps  lead  to  a  smoothening  of  the  surface  as  observed  by  RHEED.  The  graded  InGaAs  buffer 
layers  are  grown  by  ramping  the  In  mole  fraction  linearly  from  x^  up  to  0.5  with  a  grading  of 
0.5/^m.  This  is  performed  by  increasing  the  In-cell  temperature  and  at  the  same  time 
decreasing  the  Ga-cell  temperature  to  achieve  a  constant  growth  rate  of  about  one  monolayer 
per  second. 

Table  1  shows  a  list  of  samples  with  different  uniform  InQ  sGao  5AS,  Ino.5Alo.5As,  or 
InP  buffer  layers  on  top  of  the  graded  layer.  The  substrate  temperature  for  the  growth  of 
uniform  InGaAs  and  InAlAs  layers  is  380°C.  The  InP  layers  are  deposited  at  Tj^^  =  420°C 
using  a  special  Pt  source  which  is  based  on  GaP  decomposition.  Finally,  a  n-type  modulation 
doped  Ino  5AI0  5AS  layer  (Nsi=  3..5xlOl8cm-3)  followed  by  an  In0.gGa0.5As  cap  layer  is 
grown  on  top  of 'the  buffer  layer  for  applying  Hall  measurements.  In  this  way  different  samples 
with  strain  relaxed  buffers  are  prepared  which  have  either  a  single  modulation  doped 
heterostructure  or  a  quantum  well.  The  samples  I  to  V  listed  in  Table  1  have  the  same  layer 
structure,  but  different  values  of  the  initial  In  mole  fraction  in  the  graded  buffer  layer. 
These  samples  have  an  uniform  1pm  thick  Ino5Gao  5As  layer  and  a  modulation  doped 
heterostructure.  In  addition,  samples  (A),  (B),  and  (C)  are  prepared  with  an  InP  layer  on  top 
of  the  graded  Ino  18<x<0  by  a  modulation  doped  heterostructure  or 

a  quantum  well  strucOire,  respectively. 


Table  1:  Nominal  layer  composition  of  the  samples 


sample  I,  II,  III,  IV,  V 

sample  (A) 

sample  (B) 

sample  (C) 

lrixo<x<0. 5^^  1  -X  As 
xo=0/0.I2/0.18/0.24/0.5 

Ino.l8<x<0.5Gai-xAs 

Ino.l8<x<0.5Gai.xAs 

Ino.l8<x<0.5Gai.xAs 

1pm  Ino.5Gao.47 As 

1pm  InP 

200nm  InP 

1pm  InP 

1pm  Ino.5Gao.5As 

200nm  Ino.5Alo.5As 

1pm  Ino.5Alo.5As 

5nm  Ino.5Alo.5As 

30nm  Ino.5Alo.5As:Si 
5nm  Ino.5Gao.5As 

5nm  Ino.5Alo.5As 

30nm  Ino.5Alo,5As:Si 
5nm  Ino.5Gao.5As 

lOnm  Ino.5Gao.5As 

5nm  Ino.5Alo.5As 

30nm  Ino.5Alo.5As:Si 
5nm  Ino.5Gao.5As 

lOnm  Ino.5Gao.5As 

5nm  Ino.5Alo.5As 

30nm  Ino.5Alo.5As:Si 
5nm  Ino.5Gao.5As 
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3.  Results  and  discussion 


Investigations  of  the  electronic  properties  of  samples  I  to  V,  which  have  different  initial  In 
mole  fraction  Xq  of  the  graded  buffer,  indicate  the  highest  electron  mobility  for  sample  III  with 
Xq  =  0.18.  In  addition,  the  surface  roughness  is  reduced  as  x^  increases  from  0  to  0.5  as 
observed  by  AFM.  For  example,  the  averaged  roughness  amplitude  is  about  12  nm  for  sample 
I  with  Xq  =  0,  but  it  is  3  nm  for  sample  III  (x^  =  0.18).  Furthermore,  TEM  micrographs  of 
sample  I  and  sample  III  show  that  the  arrangement  of  misfit  dislocations  is  similar  for  both 
samples  and  it  is  typical  for  linearly  graded  buffer  layers.  In  contrast,  the  TEM  micrographs 
obtained  from  sample  V  whithout  graded  buffer,  indicate  a  high  density  of  threading 
dislocations  which  diminishes  the  electronic  and  crystal  quality  (see  also  Refs.  [11]  and  [12]). 

Table  2  summarizes  the  X-ray  data  for  the  samples  I  to  V.  Listed  are  the  full  width  at  half 

maximum  (fwhm)  of  the  main  InGaAs  peak,  the 
tilt  angle  of  the  homogenous  Iuq  5Ga^  ^As  cap 
layer  against  the  substrate,  the  tilt  direction,  the 
substrate  miscut,  and  the  direction  of  the  substrate 
miscut.  For  the  samples  I  to  IV,  which  have  a 
graded  layer,  the  minimum  fwhm  is  measured  for 
Xq  =  0.18.  The  sample  without  grading  (sample  V) 
can  not  be  directly  compared  to  the  samples  with 
graded  buffer,  since  there  is  an  asymmetrical 
broadening  due  to  the  compositional  grading  itself. 

Strain  relaxation  in  lattice  mismatched 
heterostructures  may  cause  a  tilting  between 
epilayer  and  substrate.  Such  tilting  can  be 
measured  by  X-ray  diffraction  [8].  Fig.  1  shows 
the  004-reflection  from  sample  I,  which  is 
measured  along  the  four  in  plane  <110> 
directions.  The  angle  between  the  [110]  direction 
within  the  (001)  surface  plane  and  the  beam 
direction  is  indicated  by  co  =  0,  90°,  180°,  270°. 
The  small  peak  close  to  the  dotted  line  at  zero 
originates  from  the  substrate.  The  litde  shift  of 
about  ±300  arcsec  around  this  dotted  line 
originates  from  the  substrate  miscut.  The  surface 
of  the  substrate  was  precisly  alligned  (±50  arcsec) 
using  a  laser  beam  reflection  on  the  substrate.  The 
broader  peak  on  the  left  side  of  the  substrate 
reflection  originates  mainly  from  the 
InQ^GaQ^As  layer.  This  peak  shifts  by  about 
1900  arcsec  as  a  function  of  the  rotation  angle. 
This  is  due  to  the  tilt  of  the  InQ  5GaQ  5  As  layer 
against  the  substrate. 

The  measurement  allows  to  determine  the  lattice 
tilt  angle  using  the  following  equation: 
6  =  6g  +  0^cos(a)-coQ),  where  0  is  the  angle  of  the 
004-reflection  from  the  uniform  InGaAs  layer, 
which  is  due  to  the  broad  shifted  peaks  in  Fig.  1.  Furthermore,  is  the  Bragg  angle  and  (Oq 
the  angle  between  tilt  direction  and  the  [110]  direction. 


angle  (arcsec) 

Figure  1:  004  X-ray  rocking  curves 
measured  in  the  four  <1 10>  directions. 
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Table  2:  X-ray  data  of  samples  I  to  V. 


sample 

I 

II 

III 

IV 

V 

Initial  In-content  Xq 

0 

0.12 

0.18 

0.24 

0.50 

X-ray  fwhm  (arcsec) 

1700 

3100 

1200 

1500 

1000 

Tilt  angle  (arcsec) 

1900 

560 

290 

290 

-0 

tilt  direction 

(“o) 

»[Tio] 

(292°) 

=[TTo] 

(162°) 

=[Tio] 

(261°) 

=[TTo] 

(190°) 

... 

substrate  miscut  ( "  ) 

250 

390 

250 

170 

... 

miscut  direction 

(COo) 

Kilo] 

(41°) 

=[110] 

(345°) 

=[iTo] 

(107°) 

«[iTo] 

(77°) 

... 

The  tilt  direction  is  defined  as  the  projection  of  the  [001]  epilayer  vector  into  the  (001) 
substrate  plane.  The  tilt  angle  decreases  from  1900  arcsec  to  about  zero  as  Xq  increases  from 
0  to  0.5.  The  substrates,  which  have  been  used,  have  a  miscut  of  about  0.1°  (360  arcsec).  The 
data  listed  in  Table  2  are  always  taken  from  one  specific  position  of  the  sample  close  to  the 
center  of  the  wafer.  The  magnitude  and  the  direction  of  miscut  are  listed  in  Table  2.  For  the 
samples  I  and  II  with  Xq  =  0  and  0.12  the  tilt  angle  is  significantly  larger  than  the  substrate 
miscut.  In  addition,  the  direction  of  the  epilayer  tilt  is  not  clearly  correlated  to  the  miscut 
direction  of  the  substrate. 

The  lattice  tilt  is  caused  by  preferential  glide  or  nucleation  of  dislocations  which  have  the 
same  burgers  vector.  Investigations  on  strain  relaxation  in  graded  and  uniform  SiGe  buffer 
layers  on  miscut  Si  substrates  have  been  reported,  recently  [8].  In  this  case  the  glide  limited 
relaxation  in  uniform  layers  causes  a  small  lattice  tilt  compared  to  the  large  tilt  in  graded  layers 
where  the  relaxation  is  nucleation  limited.  For  the  relaxed  SiGe  layers  the  direction  of  tilt  is 
the  same  as  the  miscut  direction  and  the  tilt  magnitude  is  smaller  than  the  miscut.  However, 
these  results  are  not  directly  comparable  to  the  data  for  lattice  tilting  of  our  samples  I  to  IV, 
because  we  find  no  obvious  correlation  between  substrate  miscut  and  epilayer  tilt  and  also  the 
magnitude  of  tilt  is  pronounced  larger  than  the  miscut. 

Table  3  shows  the  electron  mobility  obtained  from  Hall  measurements  which  were 
performed  at  300  K  and  at  77  K.  The  electron  mobility  and  the  carrier  density  data  for  the 
samples  I  to  V  are  discussed  in  Ref.  [11].  The  highest  electron  mobility  among  these  samples. 


Table  3:  Electronic  properties  of  samples  III,  (A), 
(B),  and  (C) 


sample 

III 

(A) 

(B) 

(C) 

M300K(cni2A^s) 

9300 

9849 

11050 

10690 

”300K  (10l2cm-2) 

2.847 

4.756 

1.872 

2.512 

P77^  (cm2A^s) 

32430 

51490 

56530 

74830 

^77K  (lO^^cm'^) 

2.041 

2.878 

1.692 

1.814 
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which  is  9300  cm2/Vs  at  300  K  and  33000  cm2/Vs  at  77  K,  was  measured  for  sample  3  with 
Xq=0.18.  Starting  out  with  the  0.7pm  thick  graded  IrJo.l8<x<0.5^^1-x^^  buffer  layer  we 
deposited  a  relaxed  InP  overlayer  for  further  improvement  of  the  crystal  quality.  The  InP  layer 
can  be  grown  at  higher  substrate  temperatures  in  a  two  dimensional  growth  mode.  Generally 
relaxed  InP  buffer  layers  on  GaAs  have  lower  defect  densities  than  homogenious 
InQ  5GaQ  ^As  layers,  which  have  the  same  lattice  constant  as  InP  [10,12].  This  is  probably 
due  to  faster  dislocation  movement  and  lower  barrier  for  dislocation  nucleation  in  InP.  The 
introduction  of  the  InP  layer  in  the  samples  A,  B,  and  C,  which  are  listed  in  Table  III,  reduces 
the  micrscopic  surface  roughness  as  observed  with  AFM.  The  averaged  vertical  amplitude  is  3 
nm  for  sample  III,  but  it  is  Inm  for  sample  (C)  which  was  grown  with  an  additional  InP  layer. 

The  composition  of  the  samples 
(A),  (B),  and  (C)  is  described  in  Table 
1.  The  electron  mobility  and  the  carrier 
density  data  for  these  sampes  are  listed 
in  Table  3.  The  introduction  of  a  1pm 
thick  InP  layer  between  the  graded 
layer  and  the  uniform  IriQ  ^Ga^  ^As 
layer  (sample  A)  increases  the  mobility 
to  9900  cm2/Vs  at  300  K  and  51,000 
cm2/Vs  at  77  K. 

Even  better  results  are  obtained 
for  the  samples  with  a  modulation 
doped  10  nm  thick  Ihq  ^GaQ  ^As 
quantum  well  (QW).  The  mobility  is 
about  11,000  cm2/Vs  at  room 
temperature  for  sample  (B)  and  (C).  At 
77  K  a  mobility  of  74,830  cm2A^s  is 
achieved  for  sample  (C)  which  has  a 
thicker  InP/InQ  ^AIq  5AS  buffer  layer 
on  lop  of  the  graded  layer.  To  our 
knowledge  this  is  the  highest  mobility 
reported  for  strain  relaxed 
InQ  5GaQ  5AS  layers  on  GaAs  sub¬ 
strates.  The  electronic  data  for  the 
strain  relaxed  layers  of  sample  (A),  (B) 
and  (C)  are  comparable  to  the  results 
obtained  from  lattice  matched 
InQ  53GaQ  47  As  epilayers  on  InP 
substrates  [9]. 

The  nomial  Si  doping  level  within 
the  30  nm  thick  InQ  ^AIq  5  As  layer  is 
about  3x1018  cm-3  except  for  sample 
(A)  where  the  Si  doping  was  5xlOl8  cm"3.  The  carrier  density  for  sample  (A)  is  4.756x1012 
cm"2  at  room  temperature  and  2.878x1012  cm"2  at  77  K.  Illumination  of  the  samples  at  77  K 
increases  both  electron  density  and  electron  mobility  by  less  than  10%  indicating  a  low  density 
of  DX  centers. 

Figure  2  shows  the  PL  spectra  of  samples  III,  (A),  and  (C).  The  peaks  at  about  0.8  eV 
originate  from  the  InQ  5GaQ  5 As  layers.  The  PL  measurements  were  performed  at  4.2  K  using 
an  Ar-laser  with  a  514  nm  wavelength  and  an  excitation  power  of  3  W/cm2.  The  PL  spectra 
were  measured  applying  a  Ge-detector  which  provides  a  spectral  range  between  1pm  and 


Wavelength  (pm) 

4  3  2.5  2  1.5  1 


Energy  (eV) 

Figure  2:  PL  spectra  from  samples  III,  (A),  and  (C) 


92 


2|jm.  The  PL  signal  from  sample  (C)  is  shifted  towards  higher  energy  by  about  40meV  relative 
to  the  signal  from  sample  (A).  This  energy  shift  is  attributed  to  the  subband  separation  in  the 
100  A  thick  QW  and  to  slightly  variations  in  the  InGaAs  composition. 

The  peak  intensity  from  sample  III  is  more  than  a  factor  2  smaller  than  that  of  sample  (A) 
which  has  an  additional  Ipm  thick  InP  layer  between  graded  buffer  and  InQ  ^GaQ  5AS  layer. 
Also,  the  fwhm  of  sample  (A)  is  smaller  (62meV)  than  that  of  sample  III,  which  has  a  fwhm  of 
80  meV.  The  higher  intensity  and  the  smaller  fwhm  of  the  PL  signal  from  sample  (A)  indicate 
an  improved  crystal  quality  of  the  relaxed  InGaAs  layer.  The  PL  signal  measured  from  the 
lOOA  thick  quantum  well  of  sample  (C)  has  a  fwhm  of  71meV.  The  PL  intensity  of  this  sample 
is  about  a  factor  1.5  higher  than  that  of  sample  (B)  (not  shown  in  Fig  2),  which  has  a  fwhm  of 
92meV.  These  data  demonstrate  the  low  density  of  dislocations  in  the  surface  region  and  the 
excellent  crystal  quality  of  sample  (C),  which  is  consistent  with  the  results  obtained  from  Hall 
measurements. 


4.  Conclusions 

In  summary  we  have  shown  that  the  introduction  of  a  misfit  step  with  x^  =  0. 1 8  in  the  graded 
^’^xo<x<0  53^^1-x^  buffer  layer  provides  a  smoother  surface  and  a  higher  electron  mobility 
than  a  linearly  graded  buffer  without  such  step.  In  addition.  X-ray  measurements  show  that  the 
epilayer  in  linearly  graded  buffer  layers  exhibit  a  pronounced  tilting  which  magnitude  is 
reduced  as  x^  increases.  The  fwhm  of  the  X-ray  reflections  obtained  from  the 
layer  on  top  of  the  graded  layer  is  the  smallest  for  x^  =  0. 1 8.  A  further  enhancement  of  the 
electron  mobility,  the  luminescence  intensity,  and  the  surface  smoothness  is  achieved  by  the 
introduction  of  an  additional  InP  layer  between  graded  buffer  and  uniform  layer. 

We  would  like  to  thank  C.  Lange  for  AFM  investigations  and  A.  Trampert,  and  T.  Shitara 
for  expert  help  and  stimulating  discussion. 
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ABSTRACT:  Improved  direct  epitaxial  growth  of  InSb  on  Si  by  plasma-assisted 
epitaxy  has  been  achieved  by  employing  As-termination  of  Si  surface  after 
hydrogen-plasma  treatment  and  low -temperature  growth  of  initial  layer  of  a  few 
monolayers.  The  As-terminated  Si  surface  is  much  more  stable  than  hydrogen  terminated 
surface.  The  initial  layer  grown  at  240  strained  with  longitudinal  lattice  mismatch 
around  12-13  %  compared  with  19  %  between  bulk  InSb  and  Si,  should  be  useful  to 
relax  large  mismatch. 


1.  INTRODUCTION 

Heteroepitaxial  growth  of  compound  semiconductors  on  Si  has  been  intensively 
investigated  with  partial  success  in  view  of  possible  realization  of  OEIC  and  galvanomagnetic 
IC  combined  with  Si  IC.  InSb  has  the  highest  electron  mobility  and  the  narrowest  bandgap 
among  III-V  compound  semiconductors,  and  is  attractive  for  these  applications.  Epitaxial 
layers  of  InSb  have  been  typically  grown  on  GaAs  (Ohshima  et  al  1989  and  the  references 
therein),  but  active  layers  should  be  directly  grown  on  Si  for  monolithic  integration  of  these 
devices.  It  has  been  found,  however,  that  InSb  on  Si  with  large  lattice  mismatch  19  %  is  a 
much  more  difficult  system  than  GaAs  on  Si  because  the  epitaxial  growth  is  much  more 
sensitive  to  surface  cleanliness  and  structures  of  Si  substrate  and  InSb  tends  easily  to 
poly-crystallize.  In  this  paper  we  describe  improved  direct  epitaxial  growth  of  InSb  on  Si  by 
plasma-assisted  epitaxy  (PAE)  (Takenaka  et  al  1979).  and  emphasize  the  importance  of 
As-termination  of  Si  surface  after  hydrogen-plasma  treatment  and  also  of  an  initial  strained 
layer  of  a  few  monolayers  grown  at  a  lower  temperature  in  order  to  suppress  three  dimensional 
islands  growth, 

2.  EXPERIMENTAL 

PAE,  in  which  enhanced  chemical  reactivity  and  surface  migration  of  atoms  are  supplied 
through  discharging  plasma,  has  been  studied  for  low  temperature  epitaxial  growth.  It  has 
been  also  confirmed  that  hydrogen  plasma  is  effective  for  surface  cleaning  at  a  low  temperature 
with  removal  of  native  oxide  layers  on  the  Si  substrate  (Gao  et  al  1987). 

A  similar  PAE  apparatus  as  described  elsewhere  (Matsushita  et  al  1984)  was  used  in  the 
present  growth.  Hydrogen  gas  was  used  as  a  discharging  gas.  6-nine  purity  elemental  In 
and  Sb  were  evaporated  by  resistive  heating  and  supplied  through  hydrogen  plasma  toward  the 
substrate.  Discharging  plasma  was  excited  by  rf  power  at  13.56  MHz  through  inductive 
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coupling. 

(lll)Si  was  employed  for  substrate,  which  were  chemically  etched  by  the  conventional 
RCA  method  prior  to  loading  into  the  PAE  chamber.  The  pressure  of  hydrogen  gas  was 
kept  at  0.02  Torr,  Si  surface  was  exposed  to  hydrogen  plasma  at  600  °C  prior  to  epitaxial 
growth  for  the  removal  of  native  oxide.  Two-step  growth  was  used,  in  which  a  thin  InSb 
layer  is  grown  at  a  low  temperature  (240-300°C)  with  the  low  growth  rate  (0.1-0.3/mri/h). 
Subsequently,  the  substrate  is  heated  to  380-450  °C  and  InSb  thicker  layer  was  grown  with 
relatively  high  growth  rate  (0.7  ^m/h). 

3.  RESULTS  and  DISCUSSIONS 

The  surface  cleaning  is  prerequisite  for  successive  epitaxial  growth.  Hydrogen 
termination  of  Si  has  not  given  robust  surface  sufficient  for  the  present  purpose  because  it  is 
sensitive  to  such  surface  structure  as  steps  and  is  not  stable  against  residual  oxygen  at 
relatively  low  temperature.  Instead  we  employed  hydrogen  plasma  treatment  at  600  C  to 
establish  the  removal  of  native  oxide  (Gao  et  al  1987)  and  then  exposed  to  arsenic  vapor  in 
plasma  during  cooling,  in  view  of  the  fact  that  As-Si  bond  is  much  stronger  than  H-Si  bond. 
Fig.  1  shows  the  RHEED  pattern  of  As-terminated  Si  surface  which  was  exposed  to  air  for 
several  minutes.  It  was  confirmed  that  the  Ixl  structure  of  As-terminated  surface  is  stable 
even  in  air.  After  the  above  surface  cleaning  with  and  without  arsenic  vapor  exposure,  InSb 
films  were  grown.  The  RHEED  patterns  of  grown  films  are  shown  in  Fig.2.  On  the  Si 
surface  terminated  with  arsenic,  epitaxial  films  grew  [Fig.2  (a)],  in  contrast  to  the 
polycrystalline  InSb  [Fig.2  (b)]  grown  on  the  surface  without  exposure  to  arsenic,  probably 
due  to  partial  oxidation  of  the  surface  by  residual  oxygen.  These  observations  indicate  that 
As-termi nation  is  effective  for  surface  passivation  against  native  oxide  growth  prior  to 
epitaxial  growth. 

Then  the  importance  of  control  of  the  initial  stage  in  the  two-step  growth  of  InSb  on  this 
As-stabilized  Si  is  discussed.  Fig.3  shows  the  RHEED  patterns  and  SEM  micrographs  of 
initial  layers  grown  at  270  '‘C  with  a  growth  rate  of  0.3  jim/h.  Ring-like  patterns 
of  polycrystalline  InSb  were  observed  at  an  early  stage  of  initial  growth  of  several 
monolayers  and  InSb  grains  grew  larger  with  thickness.  It  was  found  that  this  tendency  is 
more  remarkable  at  higher  temperature.  Then  a  very  thin  initial  layer  with  a  few  monolayers 


FIG.1  RHEED  pattern  of  As-termi-  FIG.2  RHEED  patterns  oflnSb  films  grown 
nated  Si  surface  after  exposure  to  air.  on  Si  cleaned  by  hydrogen  plasma  (a)  with 

The  direction  of  electron  beam  is  [21 1].  and  (b)  without  arsenic  vapor  exposure. 
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which  is  not  poly-crystallized  should 
be  used  for  the  initial  layer  in  the 
two-step  growth. 

Then,  we  observed  the  initial  stage 
within  4  monolayers  by  lowering  the 
growth  rate  down  to  0.1  |/m/h.  Fig.4 
shows  the  RHEED  patterns  and  SEM 
micrographs  of  the  InSb  initial  layers 
grown  at  temperature  (a)  240  °C  and  (b) 
270  up  to  the  thickness  around  4 
monolayers  before  they  are 
poly-crystallized.  Although  the  three 
dimensional  island  growth  is 
suppressed  at  lower  temperature,  these 
layers  are  still  not  continuous 
(Volmer-Weber  growth  mode)  and  are 
strained  with  longitudinal  lattice 
mismatch  around  12-13  %,  compared 
with  19  %  between  bulk  InSb  and  Si. 
The  RHEED  patterns  of  the  films 
grown  successively  at  450  *^0  on  these 
initial  layers  are  shown  in  Fig.5.  The 
film  deposited  on  the  initial  layer  grown 
at  240  °C  has  better  crystal  quality  with 
less  microtwins  compared  with  that 
grown  at  270  °C.  We  believe  this 
type  of  strained  initial  layer  of  a  few 
monolayers  grown  at  lower  temperature 
with  almost  flat  surface  is  useful 
generally  to  relax  the  large  lattice 
mismatch.  The  electrical  property  of 
the  former  film  with  thickness  1.5  pim 
(n:=  1.8x101 7  cm-3,  pt^^n^OOO  cm2/Vs) 
is  also  better  than  that  of  the  latter  film 
with  the  same  thickness  (n=4.2xl0i7 
cm-3,  f4ji-6J00  cm  2/Vs).  It  was 
confirmed  that  the  epitaxial  layers  were 
successfully  and  reproducibly  grown  at 
380  °C  with  much  improved 
crystallographic  and  electrical  properties 
on  the  above  type  of  initial  layer  grown 
at  lower  temperature. 


RHEED  SEM 


(b)  8ML 


(c)  16ML 


(c)800nm 


FIG.3  Observation  of  initial  layer  grown  at 
270  °C  with  a  growth  rate  of  0.3  /^m/h. 


FIG.4  RHEED  patterns  and  SEM  photographs  of  the  InSb  initial  layers  grown  at 
temperature  (a)  240  °C  and  (b)  270 

up  to  the  thickness  around  2-4  monolayers.  _  r  Tn  n 


4.  CONCLUSION 

The  hydrogen  plasma  treatment  at 
600  °C  and  exposure  to  arsenic  vapor 
during  cooling  were  employed  for  the 
cleaning  of  Si  surface  and  we  confirmed 
As-terminated  surface  is  stable  even  in 
air.  Detailed  observations  of  the  initial 
stage  of  the  InSb  growth  revealed  that 
the  initial  layer  tends  to  poly-crystallize 
easily  within  several  monolayers.  The 
thinner  initial  layer  grown  at  240  ®C, 
strained  with  longitudinal  lattice 
mismatch  around  12-13  %  compared 
with  19  %  between  bulk  InSb  and  Si, 
should  be  useful  to  relax  large 
mismatch. 
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Abstract:  In  order  to  clarify  what  determines  the  solid  composition  (x)  in  the  metalorganic  vapor 
phase  epitaxy  (MOVPE)  of  metastable  GaPi.^cN^.  alloys,  we  applied  a  growth  interruption 
technique  in  tliis  alloy  growth.  In  our  growth  procedure,  different  from  conventional  MOVPE,  the 
cycle  of  ~1  ML  growth  and  growth  interruption  (only  Ga  precursor  supply  is  turned  off)  is 
repeated.  As  increasing  the  growth  interruption  time,  x  decreases.  This  indicates  that  nitrogen 
atoms  desorb  from  the  film  surface  and  that  phosphorus  atoms  occupy  the  vacant  sites  during  the 
growth  interruption.  The  time  constant  of  this  substitution  process  is  obtained  to  be  0.71,  0,47 
and  0.39  sec  at  655,  670  and  685°C,  respectively.  This  result  can  explain  the  growth  temperature 
dependence  and  the  growthrate  dependence  of  X  in  the  conventional  MOVPE  of  this  alloy  system. 
It  also  gives  a  guide  to  growing  the  alloys  with  large  x. 


1.  Introduction 

The  GaPi.jfNjc  alloy  is  potentially  a  candidate  for  blue  or  ultraviolet  optical  devices,  because  its 
bandgap  should  change  from  2.3  eV  (GaP)  up  to  3.4  eV  (GaN).  Due  to  the  large  miscibility 
gap  caused  by  the  difference  in  the  lattice  structure  and  in  the  lattice  constant  between  GaP  and 
GaN,  the  growth  of  this  alloy  system  had  been  considered  to  be  very  difficult.  The  recent 
progress  of  some  crystal  growth  procedures  using  supersaturation  circumstances  such  as 
molecular  beam  epitaxy  (MBE)  and  metalorganic  vapor  phase  epitaxy  (MOVPE)  has  enabled 
the  growth  of  this  alloy.  There  have  been  two  demonstrations  of  GaPi.jcNjt  alloy  growth,  with  x 
<  0.08  by  MBE  [1]  and  x  >  0.91  by  chemical  vapor  deposition  [2].  We  have  also  succeeded  in 
the  alloy  growth  by  MOVPE  [3].  However,  the  maximum  x  obtained  in  the  MOVPE  is  limited 
to  a  very  low  value  (x  <  0.04).  In  order  to  grow  alloys  with  larger  x,  it  is  necessary  to  clarify 
the  key  factor  which  determines  the  solid  composition  x.  It  is  expected  that  growth  interruption 
will  change  the  solid  composition,  because  it  has  a  large  effect  on  the  growth  process. 

In  the  present  study,  we  applied  a  growth  interruption  technique  to  the  MOVPE  growth  of 
GaPi.jtN;c  alloys.  The  cycle  of  ~1  ML  growth  and  the  growth  interruption  were  repeated  1500 
times  to  grow  the  film.  The  growth  interruption  time  (q)  dependence  of  x  was  studied.  It  was 
shown  that  the  nitrogen  desorption  was  considered  to  be  a  key  factor  which  determined  x. 
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2.  Experimental  procedure 

Samples  were  grown  on  nominally  on-axis  (100)  GaP  substrates  with  a  conventional  low- 
pressure  (60  Torr)  MOVPE  system  with  H2  carrier  [3],  The  Ga,  P,  and  N  precursors  were 
trimethylgallium  (TMG),  PH3,  and  dimethylhydrazine  (DMHy),  respectively.  After  the  growth 
of  a  0.3  tim-thick  GaP  buffer  layer  at  750® C,  the  substrate  temperature  was  lowered  to  the 
growth  temperature  (Tg),  655  -  685°C,  and  then  DMHy  and  PH3  were  supplied.  In  order  to 
grow  the  alloys,  the  -IML  growth  and  the  growth  interruption  were  repeated  1500  times  by 
turning  the  TMG  flow  on  and  off  (which  is  shown  in  the  inset  of  Fig.  1).  The  flow  of  DMHy 
and  that  of  PH3  during  the  growth  interruption  were  kept  at  the  same  as  those  during  the 
growth.  The  TMG  flow  rate  was  2.0  -  4.0  seem  (  =  4.5  -  9.0  pmol  /  min).  The  growth  rate 
was  1.2  ML  /  sec  with/xMG  =  2.0  seem.  The  relative  molar  flow  of  DMHy  in  the  total  group  V 
source  gas  was  0.625.  The  V/III  ratio  was  80  with/rMG  =  2.0  seem.  All  the  samples  had  a 
mirrorlike  surface.  We  assumed  Vegard's  law  between  the  solid  composition  x  and  the  lattice 
constant,  and  determined  jc  from  the  lattice  constant  of  the  alloy  measured  by  the  double  crystal 
x-ray  rocking  curve  of  (51 1)  reflection.  The  lattice  constant  of  GaP  and  that  of  cubic  GaN  were 
taken  from  refs.  [5]  and  [6],  respectively.  All  the  samples  had  a  zincblende  structure.  The  solid 
composition  (.«)  of  the  alloy  was  0.0022  -  0.021. 

3.  Results  and  discussion 

Figure  1  shows  the  growth  interruption  time 
(t[)  dependence  of  the  solid  composition  (x)  of 
the  GaPi.xN;c  alloys  grown  at  655® C.  As  ti 
increases,  x  decreases.  Although  not  shown  in 
the  figure,  the  full  width  at  half  maximum 
(FWHM)  of  the  x-ray  diffraction  rocking  curve 
of  the  samples  grown  with  a  growth 
interruption  is  as  narrow  as  that  grown  without 
growth  interruption  (about  80  arcsec).  This 
shows  that  the  growth  interruption  affects  the 
solid  composition  of  only  the  surface  layer.  (If 
inner  regions  are  also  affected,  there  should  be 
a  composition  gradient  along  the  growth 
direction,  thus  the  FWHM  of  the  x-ray 
diffraction  should  be  broader  at  large  ^i.) 

Therefore,  it  is  clear  that  some  surface  reaction 
which  decreases  x  is  occurring  at  the  film 
surface.  Considering  the  fact  that  the 
equilibrium  pressure  of  nitrogen  is  very  high 
[4],  we  suspect  that  nitrogen  atoms  desorb 
from  the  film  surface  during  the  growth 
interruption.  This  process  decreases  x  because 
phosphorus  atoms  will  occupy  the  vacant  sites 


Growth  Interruption  tj  (sec) 

Fig.  1.  Growth  interruption  time  (/{)  dependence 
of  solid  composition  x  for  GaPiJ^Njt  alloys 
grown  at  655*C. 
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where  nitrogen  atoms  are  desorbed.  Then  the 
solid  composition  d.t  ti  -  oo  will  be  determined 
by  a  thermal  equilibrium  between  nitrogen 
supply  and  desorption.  Figure  1  shows  that  the 
solid  composition  .r  at  q  =  0  is  larger  than  that 
at  t[  >  0.  There  are  two  possible  explanations 
for  this.  One  is  that  the  partial  pressure  of  the  P 
and  N  reactants  changes  as  changing  the  TMG 
partial  pressure  (ptmg)  through  the  law  of  mass 
action.  Jou  et  al.  have  reported  that  in  the 
MOVPEof  GaPi.;cSb;c  system,  x  increases  as 
Ptmg  increases  [7].  They  explained  it  by  the 
change  of  the  equilibrium  constant  of  PH3  = 
(i/2)P2  +  (3/2) H2  reaction  with  changing  the 
TMG  flow  rate.  The  same  effect  might  occur  in 
our  growth,  though  it  is  impossible  at  present 
to  investigate  the  effect  quantitatively  because 
we  have  no  data  on  the  thermochemical 
properties  of  DMHy.  The  other  explanation  is 
that  TMG  and  DMHy  form  an  adduct.  Then  the 
Ga  and  N  atoms  will  arrive  at  the  film  surface 
and  react  simultaneously,  thus  the  N  atoms  are 
taken  into  the  alloy  preferentially. 

By  considering  the  nitrogen  desorption  and 
phosphorus  substitution  process,  the  q 
dependence  of  shown  in  Fig.  1  is  explained 
quantitatively.  Asx  is  very  small,  we  assume 
that  if  a'nitrogen  atom  desorbs  from  the  film 
surface,  the  vacant  site  is  immediately  occupied 
by  a  phosphorus  atom.  Then  the  following  rate 
equation  holds: 

dnsldt=G-nsh^^  (1) 

where  is  the  nitrogen  content  at  the  growing 
surface  x),  G  is  nitrogen  supply  from  the 
vapor  phase,  and  x^sp  is  the  time  constant  of 
this  nitrogen  desorption.  Applying  eq.(l)  to  the 
experimental  data,  the  solid  line  of  Fig.  1  is 
obtained.  The  time  constant  Tdsp  is  determined 
to  be  0.71  sec.  We  have  done  the  same  growth 
study  at  670°C.  The  q  dependence  of  x  is 
shown  in  Fig.  2.  At  670®C,  Tdsp  is  obtained  to 
be  0.47  sec.  As  increasing  Tg,  the  nitrogen 
desorption  rate  increases,  thus  Tdsp  gets 
shorter.  Though  not  shown  in  the  figure,  Tdsp 
is  obtained  to  be  0.39  sec  at  685'’C. 


Growth  Interruption  tj  (sec) 


Fig.  2.  Growth  interruption  time(ri)  dependence 
of  solid  composition  x  for  GaPj.j^jc  alloys 
grown  at  670®C. 


620  640  660  680  700  720 

Growth  Temperature  (°C) 

Fig.  3.  Growth  temperature  dependence  of  solid 
composition  x  for  GaPi.j^x  alloys  grown  by 
conventional  MOVPE,  i.e.,  without  growth 
interruption. 
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This  increasing  nitrogen  desorption  as  increasing  Tg  also  explains  the  Tg  dependence  of  x  in 
the  conventional  (without  growth  interruption)  MOVPE  of  this  alloy.  The  experimental  results 
are  shown  in  Fig.  3.  The  increasing  nitrogen  desorption  (which  may  occur  not  only  during 
growth  interruption  but  also  during  growth)  decreases  x  as  increasing  Tg.  The  nitrogen 
desorption  process  can  also  be  applied  to  explain  the  growth  rate  dependence  of  x  [3].  As  the 
growth  rate  increases,  x  increases.  It  is  considered  that  at  a  high  growth  rate,  the  film  surface  is 
covered  with  the  next  growing  surface  before  the  nitrogen  desorption  from  the  film  surface 
occurs  sufficiently,  or,  that  as  increasing  TMG  flow  rate  (oc  growth  rate),  the  number  of  TMG- 
DMHy  adducts  increases  and  thus  x  increases. 

These  results  indicate  that,  though  we  have  no  direct  evidence,  nitrogen  desorption  from  the 
film  surface  is  a  key  factor  which  determines  the  solid  composition  in  the  MOVPE  of  GaPi.j^Njc 
alloys.  It  is  clear  that  in  order  to  grow  the  alloys  with  larger  x,  low  growth  temperature  and 
high  growth  rate  is  effective.  However,  these  growth  conditions  usually  deteriorate  the  crystal 
quality.  It  is  thus  important  to  balance  the  need  for  large  x  and  the  crystal  quality. 


4.  Conclusion 

We  applied  a  growth  interruption  technique  in  the  MOVPE  of  metastable  GaPi.jcN^  alloys.  The 
cycle  of  ~1ML  growth  (TMG  supply  on)  and  growth  interruption  (TMG  ofQ  is  repeated.  As 
increasing  the  growth  interruption  time,  x  decreases.  This  indicates  that  nitrogen  atoms  desorb 
from  the  film  surface  and  that  phosphorus  atoms  occupy  the  vacant  sites  during  the  growth 
interruption.  The  time  constant  of  this  substitution  process  gets  shorter  as  increasing  growth 
temperature.  This  process  can  explain  the  growth  temperature  dependence  and  the  growth  rate 
dependence  of  the  solid  composition  in  the  conventional  MOVPE  of  this  alloy  system.  It  also 
gives  a  guide  to  growing  the  alloys  with  large  x. 
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Abstract  This  paper  presents  a  comparative  study  of  the  properties  of  GaN,  using  an  AIN 
buffer  layer,  as  a  function  of  sapphire  orientation  (a-plane  vs  c-plane).  Results  are  presented 
for  varying  the  AIN  buffer  layer  thickness.  The  electron  Hall  mobilities  of  the  GaN  films 
grown  on  a-plane  were,  in  general,  higher  than  that  of  the  corresponding  growth  on  c-plane 
sapphire.  Because  electron  mobilities  obtained  on  a-plane  sapphire  are  large 
(>  300  cm^yds"!)  over  a  wide  range  of  buffer  layer  thicknesses  (1 15  A  to  375  A),  growth 
on  a-plane  may  be  more  desirable  for  mass  production  of  GaN-based  devices. 


1.  Introduction 

In  the  last  several  years,  considerable  progress  has  been  made  in  growing  high  quality  GaN 
by  using  either  a  GaN  or  AIN  buffer  layer[l,2].  Previous  results  in  our  group  and  others 
indicate  that  properties  of  the  GaN  films  grown  by  organometallic  vapor  phase  epitaxy 
(OMVPE)  are  sensitive  to  the  conditions  under  which  the  buffer  layer  is  grown,  e.g.,  buffer 
layer  thickness [3, 4]  and  buffer  layer  growth  temperature [51.  Current  understanding  is 
limited  as  to  whether  this  sensitivity  to  the  buffer  layer  growth  conditions  is  the  result  of 
various  impurities  or  defects  being  incorporated  in  the  buffer  layer  under  certain  conditions, 
or  whether  the  morphology  of  the  buffer  surface,  which  will  subsequently  affect  the 
nucleation  of  the  GaN  film,  is  the  dominant  factor.  While  the  basal  plane  (c-plane)  of 
sapphire  (0001)  is  the  most  commonly  used  substrate  for  the  growth  of  wurtzite  GaN,  there 
have  been  a  few  reports  of  GaN  films  grown  on  a-plane  (1 120)  sapphire[6-9].  These  have 
focused  mainly  on  the  epitaxial  relationship  to  the  substrate,  the  crystalline  quality,  and  the 
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surface  morphology  of  the  resulting  GaN  layers.  GaN  films  grown  on  either  c-plane  or 
a-plane  sapphire  are  oriented  with  the  GaN  c-plane  (0001)  parallel  to  the  substrate. 
Growing  on  a-plane,  therefore,  offers  an  excellent  opportunity  to  investigate  the  role 
sapphire  orientation  may  have  on  the  subsequent  nucleation  of  the  GaN  film  and  its 
properties.  The  role  of  the  sapphire  substrate  surface  is  also  unclear,  since  the  quality  of  the 
surface  polish  could  affect  not  only  the  nucleation  of  the  buffer  layer,  but  also  the  GaN  film 
nucleation.  In  an  effort  to  investigate  the  role  of  the  sapphire  substrate  surface,  a-plane 
sapphire  was  chosen,  because  it  is  believed  that  the  a-plane  sapphire  is  easier  to  polish  than 
the  c-plane  [10],  which  may  result  in  a  higher  quality  polish  on  the  sapphire.  In  this  study, 
using  AIN  as  the  buffer  layer,  GaN  layers  were  grown  on  both  c-plane  and  a-plane  sapphire 
by  reduced-pressure  OMVPE.  For  each  of  the  experiments  described,  simultaneous  growth 
on  a-plane  and  c-plane  was  performed.  The  thickness  of  the  AIN  buffer  layer  was  varied 
while  the  conditions  for  the  GaN  film  grown  on  the  buffer  remained  unchanged. 


2.  Experimental 

An  inductively-heated,  water  cooled,  vertical  OMVPE  reactor  operated  at  57  torr  was  used 
for  the  growth[ll].  The  AIN  buffer  layer  was  deposited  at  450®C  using  1.5  pmol/min 
triethylaluminum  (TEAl),  2.5  SLM  NH3,  and  3.5  SLM  H2.  The  growth  rate  of  the  buffer 
layer  was  determined  independently  by  growing  a  thick  film  using  the  buffer  layer  growth 
conditions  and  viewing  the  cross-section  using  scanning  electron  microscopy.  After  the 
buffer  layers  were  deposited,  they  were  annealed  in  2.5  SLM  NH3  and  3.5  SLM  H2  for  10 
min.  at  1025°C.  The  GaN  films  grown  on  the  buffer  layers  were  approximately  3)j.m  thick 
with  a  growth  rate  of  1.6  pm/hr.  They  were  formed  using  25.7  pmol/min  trimethylgallium 
(TMGa),  2.5  SLM  NH3,  and  3.5  SLM  H2.  Sample  thickness  was  measured  using 
interference  fringes  obtained  by  infrared  reflectance  spectroscopy.  For  the  buffer  layer 
thickness  study,  a  growth  temperature  of  1040°C  was  used  for  the  GaN  film.  Surface 
morphology  was  examined  using  Nomarski  optical  microscopy.  Double  crystal  x-ray 
diffractometry  using  Cu  Ka  radiation  was  used  to  assess  film  crystallinity.  Van  der  Pauw 
Hall  measurements  (2240  G)  were  performed  on  clover  leaf  geometries  using  In  contacts. 
Capacitance-voltage  (C-V)  measurements  were  also  performed  using  Pt/Au  Schottky 
barriers.  Plan- view  transmission  electron  microscopy  (TEM)  specimens  were  prepared  by 
mechanical  thinning  from  the  substrate  side  to  about  30  pm  followed  by  5  kV  Ar+  ion 
milling  at  77K.  The  TEM  observation  was  carried  out  in  a  Philips  EM420,  operating  at  120 
keV.  The  325nm  line  of  a  He-Cd  laser  was  used  as  the  excitation  source  for  the  low 
temperature  (6K)  photoluminescence  (PL)  experiments. 
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3.  Results  and  Discussion 

The  lowest  full  width  half  maximum  (FWHM),  when  using  c-plane  or  a-plane  sapphire, 
occurs  with  an  AIN  buffer  thickness  of  about  160  to  175  A  as  seen  in  Figure  1.  Plan- view 
bright  field  TEM  images  of  samples  grown  on  a-plane  and  c-plane  are  shown  in  figures  2a 
and  2b  respectively.  The  FWHM  of  the  samples  shown  in  Figure  2  were  approximately  300 
arc  sec,  while  the  300  K  room  temperature  electron  Hall  mobilities  were  367  and 
325  cm^V^s’l  for  growth  on  a-plane  and  c-plane  sapphire,  respectively.  The  TEM 
micrographs  are  virtually  identical,  and  the  main  defects  are  dislocations  with  Burgers 
vectors  of  <1120>  type  propagating  along  the  c-axis.  The  dislocation  density  in  both  c- 
plane  and  a-plane  samples  is  about  1.5xl0^0cm-2.  Therefore,  for  the  optimized  buffer 
thickness,  these  a-plane  and  c-plane  samples  do  not  show  a  large  difference  in  either  the 
crystallinity,  the  number,  or  types  of  defects  as  seen  by  TEM. 

Photoluminescence  was  also  used  to  characterize  the  material.  Figure  3  shows  a  PL 
spectrum  of  a  typical  GaN  film  grown  on  an  AIN  buffer.  PL  spectra  of  films  grown  on  c- 
plane  or  a-plane  sapphire  were  similar  with  the  the  band  edge  emission  being  the  dominant 
feature.  Using  higher  spectral  resolution,  the  band  edge  emission  peak  width  at  half 
maximum  has  been  as  narrow  as  2.7  meV,  which  is  indicative  of  high  quality  material.  As 
can  be  seen  in  Figure  3,  there  is  only  a  small  indication  of  the  deep  level  2.2  eV  band  which 
is  commonly  observed  in  GaN  films  and  may  be  associated  with  compensation  in  the  GaN 
films  involving  deep  donor  states  and  shallow  acceptor  states  [12]. 


AIN  buffer  thickness  (A) 

Figure  1.  Crystallinity  of  GaN  film  as  measured  by  the  FWHM  of  the  (0002)  peak  as  a  function  of  the  AIN 
buffer  layer  thickness  for  GaN  growth  on  both  c-plane  and  a-plane  sapphire. 
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Figure  2  (a)  Plan-view  bright  field  image  (g=l  120),  taken  from  GaN  film  grown  on  a-plane  (b)  GaN  grown  on 

c-plane. 


Figure  3.  Photoluminescence  spectrum  (6K)  of  GaN  grovim  on  an  AIN  buffer  on  a-plane  sapphiie. 


Hall  measurements  performed  on  the  films  where  the  AIN  buffer  layer  thickness  was 
varied,  yielded  electron  concentrations  between  1.5  x  10^ and  4.5  x  10^*^  cm“3. 
Capacitance-voltage  measurements  were  also  done  in  order  to  obtain  electron  concentrations 
as  a  function  of  depth.  The  near  surface  carrier  concentrations  obtained  by  C-V 
measurements  were  in  agreement  with  that  obtained  from  Hall  measurements,  and  also 
verified  that  the  net  carrier  concentration  was  uniform,  in  the  region  probed  by  C-V 
measurements  (within  0.30  jxm  of  the  top  surface).  No  trend  was  observed  in  the  electron 
concentrations  as  a  function  of  buffer  layer  thickness  for  growth  on  either  c-plane  or  a- 
plane.  There  was,  however,  some  interesting  trends  found  in  the  mobilities  as  a  function  of 
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buffer  layer  thickness  (Figure  4).  For  all  the  films  measured  in  this  thickness  study,  the 
mobility  of  the  GaN  deposited  on  a-plane  sapphire  was  higher  than  that  deposited  on  c- 
plane,  while  the  buffer  layer  thickness  yielding  the  highest  mobility  was  similar  for  the  two 
orientations;  162  A  for  c-plane  and  175  A  for  a-plane.  Thus,  growth  on  a-plane  sapphire 
accommodated  a  wide  range  of  buffer  thicknesses  (115  A  to  375  A)  while  still  yielding  GaN 
films  with  high  mobilities  (>  300  cm^V'ls"^). 

It  is  very  intriguing  that  the  mobility  of  GaN  grown  on  a-plane  is  fairly  insensitive 
to  buffer  layer  thickness,  since  growth  on  c-plane  sapphire  shows  a  very  strong  dependence 
between  the  mobility  of  the  GaN  and  the  buffer  layer  thickness [3 ,4].  Assuming  the  a-plane 
sapphire  does  indeed  have  a  higher  quality  surface  polish,  this  may  lead  to  a  buffer  layer 
whose  properties  or  characteristics  are  fairly  uniform  and  are  independent  of  the  buffer  layer 
thickness.  Therefore,  a  wide  range  of  buffer  layer  thicknesses  could  be  used  and  still  lead  to 
GaN  films  of  sufficiently  high  quality  (>  300  cm^V'ls'l).  For  growth  on  c-plane  sapphire, 
however,  the  buffer  layer  properties  vary  significantly  with  thickness.  One  possible 
explanation  may  be  the  decreased  quality  of  the  surface  polish  which  would  effect  the 
manner  in  which  the  buffer  nucleates  on  the  sapphire  and  the  subsequent  GaN  nucleation. 
Only  when  the  buffer  layer  thickness  is  optimized  on  c-plane  does  the  GaN  nucleation  on 
the  buffer  layer,  and  the  subsequent  film  properties,  compare  with  the  GaN  deposited  on  a- 
plane  sapphire. 

Aside  from  the  surface  polish,  growing  on  a-plane  sapphire  will  also  have  an  effect 
on  the  lattice  mismatch  between  the  sapphire  and  GaN.  If  the  rectangular  unit  cell  (12.97  A 
X  8.23  A)  of  a-plane  sapphire  is  doubled,  then  the  sapphire  can  now  easily  accommodate 
several  unit  cells  of  GaN  basal  planes  [9].  This  would  then  lower  the  lattice  mismatch  to 
1.6  %  along  the  (0001)  of  sapphire  and  0.6  %  along  the  (1  lOO)  axis  of  the  sapphire.  It  is 
unclear  at  this  time  whether  the  differences  in  the  GaN  films  grown  on  c-plane  versus 
a-plane  sapphire  are  due  to  the  surface  polish  or  the  orientation. 


100  150  200  250  300  350  400 

AIN  buffer  layer  thickness  (A) 


Figure  4.  Electron  mobility  (300K)  of  GaN  film  as  a  function  of  the  AIN  buffer  thickness. 
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4.  Summary 

In  this  study,  GaN  was  grown  on  an  AIN  buffer  layer  on  both  c-plane  (0001)  and  a-plane 
(11 20)  sapphire  by  reduced-pressure  OMVPE.  The  thickness  of  the  buffer  layer  was  varied 
and  optimized  to  approximately  160  to  175 A,  where  the  films  showed  the  highest  crystalline 
quality  (measured  by  the  FWHM  of  the  (0002)  peak)  and  also  the  highest  electron  Hall 
mobilities.  Not  only  were  the  electron  Hall  mobilities  of  the  GaN  films  grown  on  a-plane 
higher  than  the  corresponding  growth  on  c-plane  sapphire,  but  were  obtainable  over  a  wide 
range  of  buffer  thicknesses  (1 15  A  to  375  A). 
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Epitaxial  growth  and  structural,  optical  properties  of 
cubic  GaN  on  (100)  and  (111)  GaAs  grown  by 
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Abstract:  GaN  films  were  grown  on  (100)  and  (lll)A  or  (lll)B  GaAs  substrates  by 
low  pressure  metalorganic  chemical  vapor  deposition  (MOCVD)  and  their  structural 
and  optical  properties  were  investigated  by  X-ray  diffraction,  PL  and  Raman 
spectroscopy.  The  growth  of  cubic  GaN  on  (100)  GaAs  was  strongly  influenced  by 
the  growth  temperature.  However  cubic  GaN  on  (lll)GaAs  showed  no  dependence 
on  growth  temperature  in  terms  of  phase  formation.  The  PL  and  Raman 
characteristics  evidence  the  quality  of  the  grown  films  and  are  very  similar  for  both 
(100)  and  (111)  GaAs  substrates. 

1  Introduction 

GaN  is  a  wide  bandgap  material  with  great  potential  for  optoelectronic  device 
applications  from  the  blue  to  the  ultraviolet  wavelengths,  high-power  and  high- 
temperature  devices  [1,2].  GaN  can  be  crystallized  in  either  hexagonal(wurtzite)  or 
cubic  (zincblende)  structure  depending  on  the  substrate  symmetry  and  growth 
conditions.  In  certain  cases  both  structures  may  co-exist  because  of  the  small 
difference  in  energy  of  formation  between  them[3,4].  High-quality  wurtzitic  GaN  has 
been  grown  successfully  on  a  variety  of  substrates,  in  particular  on  the  basal  plane  of 
sapphires.  However,  it  is  believed  that  cubic  structures  possess  in  principle  superior 
electronic  properties  for  device  applications [5, 6].  Furthermore,  it  is  desirable  to  use 
cubic  substrates  such  as  silicon  or  GaAs  for  the  growth  of  GaN  since  this  could  lead 
to  reduction  of  interfacial  defects  and  impurities  as  well  as,  integration  of  GaN  with  Si 
or  Ga As-based  devices. 

Since  the  first  realization  of  cubic  GaN  grown  on  GaAs  substrates  [7],  only  few 
additional  attempts  have  been  reported  for  growing  cubic  GaN  on  GaAs.  Various 
techniques  have  been  used  which  include  (i)  MOCVD[8][9],  (ii)  Gas  source  MBE 
using  dimetylhydrazine(DMHy)  as  the  source  of  nitrogen  [10]  and  (iii)  plasma- 
assisted  MBE[11].  Recently,  Miyoshi  et  al  [8]  have  reported  high  quality  cubic  GaN 
grown  on  (100)  GaAs  at  650°C  using  DMHy,  and  showed  Raman  peaks 
characteristic  of  cubic  symmetry.  However,  there  is  no  comprehensive  investigation 
of  GaN  on  GaAs  by  MOCVD  using  NH3  as  a  nitrogen  source.  In  this  paper,  we 
report  the  growth  and  the  structural,  as  well  as,  optical  properties  of  GaN  on  (100) 
and  (111)  GaAs  substrates  by  low  pressure  MOCVD  using  NH3  as  the  nitrogen 
source. 
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2.  MOCVD  growth  of  GaN  on  GaAs  substrates 

The  GaN  films  were  grown  in  our  low  pressure  (60  Torr)  MOCVD  system  using  H2 
carrier  gas.  Various  GaAs  substrate  types  were  used  including  (100),  (lll)A  and 
(lll)B  orientations.  The  substrates  were  epi-ready  or  chemically  cleaned  in  a 
solution  of  H2S04;H202:H20  =5:1:1.  They  were  loaded  in  a  horizontal  reactor  and 
annealed  in  H2  and  AsH3  at  670°C  for  5  minutes  to  remove  the  surface  oxide.  After 
cooling  down  to  the  desired  growth  temperature,  NH3  alone  was  supplied  for  10 
minutes  so  that  surface  nitridation  could  take  place.  TMG  and  NH3  were  then 
supplied  simultaneously  and  GaN  films  were  grown.  The  samples  were  grown  at  a 
fixed  V/III  ratio  of  3300  and  substrate  temperatures  ranging  from  530°C  to  700°C. 
The  NH3  flow  was  1000  seem.  The  TMG  flow  rate  was  fixed  at  13.4  |imol/min  for  all 
the  experiments  reported  here.  The  H2  supply  rate  was  2  slm.  Typical  growth  rates 
were  of  the  order  of  0.5pm/hr  at  600°C  and  the  total  layer  thickness  of  the  samples 
was  typically  0.5|im.  Some  thick  (1.65p,m)  films  were  also  grown  for  comparison.  The 
structural  properties  of  the  GaN  films  were  characterized  by  X-ray  diffraction(XRD) 
and  their  optical  properties  were  investigated  by  photoluminescenec  and  Raman 
spectroscopy. 

3.  Structural  and  optical  characterization  of  GaN  films  grown  on  GaAs 

XRD  characterization  took  place  using  a  single-axis  goniometer  of  0-20  geometry 
with  Cu  Ka  line(X=1.537A)  and  a  goniometer  of  four-circle  geometry  with  Mo  Ka 
line  (0.709 A).  For  the  photoluminescence  measurements  a  frequency-doubled 
picosecond  DCM  dye  laser  was  used  to  provide  a  quasi-continuous  excitation  source 
at  325  nm.  Doubling  was  performed  outside  the  dye  laser  cavity  using  an  angle- 
tuned  Lil03  crystal  at  room  temperature. 


Fig. la  XRD  pattern  of  GaN  grown  on  (100)  GaAs:  (a)  at  530°C;  (b)at  600°C. 
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The  luminescence  spectrum  from  the  sample  was  then  collected  in  a  back-scattered 
geometry  and  focused  onto  the  entrance  slits  of  a  1  meter  spectrometer. 
Photoluminescence(PL)  signals  were  detected  with  a  C31034A-02  GaAs  photo 
multiplier  in  photon-counting  mode,  and  the  spectra  were  recorded  as  a  function  of 
temperature  and  excitation  intensity.  Raman  scattering  measurements  were  performed 
in  a  backscattering  geometry.  For  excitation,  100  mW  of  488  nm  radiation  from  an 
argon  ion  laser  was  focused  onto  the  sample  with  a  150  mm  focal  length  lens.  A  small 
pick-off  mirror  steered  the  light  onto  the  sample. 

3.1  Results  and  discussion  on  strunctural  properties  of  GaN  films 

The  XRD  patterns  of  GaN  epilayers  grown  on  (100)  GaAs  at  530  and  600°C  are 
shown  in  Figs  la  and  lb  respectively.  The  peak  at  around  29=39.8°  is  assigned  to 
the  (200)  diffraction  (  (200)  cub)  of  cubic  GaN  while  the  peak  at  around  34.3°  can 
be  related  to  (0002)  hexagonal  ((0002)hex)  or  (111)  cubic  ((lll)cub)  GaN.  One 
observes  that  when  the  growth  temperature  is  below  530°C  or  above  650°C  (not 
shown  in  figure)  there  are  two  clear  XRD  peaks,  one  around  20=39.8°  and  another 
at  34.3°  (see  Fig.  1  a).  At  600°C  (Fig.  lb)  one  observes  a  single  peak  at  around 
39.8°  which  is  associated  again  with  diffraction  from  (200)  cub  GaN.  It  is 
obvious  that  structural  changes  take  place  for  GaN  grown  on  QOO)  GaAs  when  the 
growth  temperature  changes.  In  particular,  one  observes  a  change  from  (0002)hex  or 
(lll)cub  phase  to  (200)cub  phase  GaN  as  the  temperature  is  raised  from  530  to 
600°C.  There  appears  consequently  to  exist  a  temperature  window  within  which  one 
obtains  cubic  GaN  on  (100)  GaAs  substrates.  The  lattice  constant  for  cubic  GaN 
estimated  from  the  (200)  cub  pattern  was  found  to  be  4.528A. 

Growth  on  (lll)A  and  (lll)B  GaAs  at  600°C  revealed  the  same  cubic 
(111)  peak  of  GaN  at  34.3°.  Experiments  with  thicker  layers  showed  a  reduction  of 
full-width-half-maximum  (FWHM)  and  a  FWHM  of  12mins  was  recorded  for  1.65|xm 
thick  layers  grown  non  (1 1 1)B  GaAs. 

In  contrast  to  the  results  obtained  on  (100)  GaAs,  GaN  grown  on  (111) 
GaAs  shows  only  a  single  phase.  Figure  2  shows  the  main  peaks  of  typical  0-20 
diffraction  spectra  for  a  GaN  film  grown  on  (1 1 1)  GaAs  substrate. 


Fig.2  XRD  pattern  of  GaN  on  (111)  GaAs  substrate 
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Fig.3  Photoluminescence  (PL)  spectra  ofGaN  on  (100)  and  (111)  GaAs 

The  diffraction  peak  at  about  20=27.1°  is  related  to  the  (111)  GaAs  substrate  and  the 
diffraction  peak  at  20=34.4°  can  be  associated  with  cubic  (111)  planes  from  the  GaN 
films.  In  fact,  it  is  very  difficult  to  distinguish  between  (111)  cubic  plane  and  (0002) 
hexagonal  plane  structures  only  from  conventional  XRD  characterization  because 
the  d-spacing  of  XRD  in  (0002)  hexagonal  and  (111)  cubic  lattices  is  the  same.  A 
four-circle  x-ray  diffractometer,  which  is  capable  of  distinguishing  the  stacking 
sequence,  has  therefore  been  used  to  verify  the  phase  information  [12].  The  results  of 
the  stacking  sequence  of  GaN  on  (111)  GaAs  suggest  that  the  material  grown  is 
indeed  of  (1 1 1)  cubic  phase.  The  lattice  constant  calculated  from  XRD  measurements 
of  the  (111)  GaN  films  was  4.52A,  which  is  in  good  agreement  with  previously 
reported  values. 

3,2  Results  and  discussion  on  Optical  properties  of  GaN  films  grown  on  GaAs 

Fig.3  shows  the  photoluminescence  (PL)  spectra  of  cubic  GaN  grown  on  (100)  and 
(111)  GaAs  substrates.  The  spectra  were  measured  at  a  temperature  of  77K  and  the 
excitation  power  was  38W/cm2.  Both  spectra  show  similar  features.  The  peak  at  3.31 
eV  is  assigned  to  donor-acceptor  (DA)  pair  recombination  and  the  peak  at  3.366  eV  is 
assigned  to  band  edge  emission.  The  satellites  around  the  peak  of  3.31  eV  are 
believed  to  be  phonon  replicas.  The  best  FWHM  of  the  3,366eV  peak  was  5.3meV  for 
spectra  obtained  at  6.5K.  A  detailed  analysis  of  the  PL  characteristics  will  be 
published  elsewhere[  13]. 

Fig. 4  shows  typical  z(xx)z  and  z(xy)z  Raman  spectra  from  c-GaN  films  grown 
on  (100)  and  (111)  GaAs.  As  one  can  see,  both  show  similar  characteristics.  The 
spectra  indicate  a  strong  peak  at  736  cm'l,  a  small  shoulder  at  768  cm“l,  and  a  weak 
continuum  extending  from  700  cm"!  to  500  cm'l  with  a  second  peak  at  560  cm'^. 
The  results  shown  in  this  figure  agree  with  previously  published  data  on  cubic  GaN 
[14]  but  contrast  Raman  characteristics  reported  for  wurtzitic  GaN  films  [15].  The 
peaks  at  736  cm"!  and  560  cm'l  are  consistent  with  cubic  longitudinal  (LO)  and 
transverse  (TO)  phonon  energies.  The  small  shoulder  at  768  cm“l  is  assumed  to  be 
defect-related,  although  it  is  close  in  energy  to  quoted  wurtzitic  LO  phonon  energies 
[16]. 


Ill 


Fig.  4  Raman  spectra  of  GaN  on  (100)  and  (111)  GaAs 

More  details  on  the  analysis  of  the  GaN  Raman  characteristics  on  (100)  GaAs  have 
been  reported  in  [17]  and  a  more  complete  study  of  their  features  on  (111)  GaAs 
substrates  will  be  reported  elsewhere. 

4.  Conclusion 

GaN  films  were  grown  by  low  pressure  MOVPE  using  TMGa  and  NH3  and  showed 
cubic  characteristics  on  both  (100)  and  (111)  GaAs  substrates.  The  cubic  versus 
hexagonal  phase  formation  of  GaN  on  (100)  substrates  was  found  to  depend  on  the 
growth  temperature.  The  growth  on  (111)  substrates  revealed  a  significant 
improvement  of  controllability  of  the  GaN  cubic  phase  when  compared  with  growth 
on  (100)  GaAs.  Minimum  FWHM  of  12mins  was  obtained  for  thick  (1.65iim)  GaN 
films  grown  on  (lll)B  GaAs.  PL  and  Raman  characteristization  of  the  GaN  films 
revealed  similar  characteristics  for  growth  on  both  (100)  and  (111)  GaAs.  Band  edge 
emission  in  the  PL  spectra  occured  at  3.366eV  and  DA  pair  recombination  was 
revealed  by  a  peak  at  3.31eV.  A  minimum  FWHM  of  5.3meV  was  recorded  at  6.5K. 
The  Raman  spectra  peaks  at  736  cm"!  and  560  cm"!  were  consistent  with  cubic  LO 
and  TO  phonon  energies 
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Abstract.  GaN  epitaxial  layers  have  been  grown  on  c-  and  r-plane  sapphire  substrates  using 
Plasma  Enhanced  Metalorganic  Chemical  Vapor  Deposition  (PE-MOCVD).  The  growth  temperature 
for  single  crystalline  GaN  films  was  reduced  to  620-850‘^C  in  comparison  to  the  conventional  MOCVD 
growth  temperature  of  1050°C.  X-ray  diffraction  studies  showed  the  films  to  be  highly  oriented  single 
crystalline  phase.  For  the  first  time,  p-type  GaN  layers  with  strong  blue-green  luminescence  have  been 
realized  using  PE-MOCVD  and  Mg-doping.  This  demonstrates  the  utility  of  the  PE-MOCVD  approach 
for  GaN  materials  and  device  technology. 

1.  Introduction 

The  need  to  extend  the  operating  wavelength  of  optoelectronic  devices  to  the  shorter  blue  and 
ultra  violet  spectral  region,  as  well  as  the  interest  in  developing  high  temperature  electronics, 
has  motivated  the  present  intensive  research  activity  on  the  wide  bandgap  semiconductors  GaN 
(and  related  Ill-nitride  compounds),  SiC  and  Diamond[l][2].  Of  these  wide  bandgap  materials, 
the  group  Ill-Nitride  compounds  GaN,  AIN,  InN  and  their  alloys  are  direct  bandgap  materials 
promising  efficient  optoelectronic  devices  with  operating  wavelengths  covering  the  range  from 
red  to  the  UV.  Recent  progress  in  p-type  doping  and  improvement  of  crystal  quality  in  these 
materials  by  so-called  'Two-Flow'  MOCVD  method,  has  led  to  the  fabrication  of  bright  blue 
LEDs[3][4]. 

Naturally,  wide  band  gap  semiconductors  are  also  candidates  for  high  temperature, 
high  power  and  high  frequency  FETs.  In  an  assessment  of  materials  for  power  FET 
applications,  Baliga's  figure  of  merit  (BFOM)[5]  can  be  used: 

BFOM  =  e^(Eg)3  (1) 

Values  of  BFOM,  which  gauges  power  handling  capability  of  a  FET  (conduction/unit  area), 
have  been  calculated  for  a-SiC  and  a-GaN  and  compared  to  Si,  as  shown  in  Table  1. 


Table  1.  Baliga’s  figure  of  merit  for  Si,  SiC  and  GaN  [  normalized  to  Si] 


e 

e|x/[e|x(Si)] 

Eg(eV) 

BFOM/(BFOM)si 

Si 

1300 

11.4 

1.00 

1.1 

1.00 

a-SiC 

260 

9.7 

0.17 

2.9 

18.32 

3.1 

a-GaN 

1300 

9.5 

0.83 

3.4 

29.53 

24.6 

It  is  clear  from  the  table  that  GaN,  due  to  its  wide  bandgap  and  expected  high  electron 
mobility,  is  more  than  one  order  of  magnitude  superior  to  silicon  in  FET  power  handling 
capability. 

We  have  grown  GaN  on  sapphire  substrates  by  remote  microwave  plasma-enhanced 
(PE-)MC)CVD.  It  is  believed  that  activation/dissociation  of  N2  or  NH3  will  significantly  reduce 
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the  growth  temperature[6],[7].  This  is  because  nitrogen  is  activated  and/or  ionized  by 
microwave  rather  than  thermal  energy  and  the  kinetic  energy  of  the  nitrogen  species  helps  to 
reduce  the  thermal  energy  necessary  for  the  atoms  to  migrate  on  the  growing  crystal  surface. 
Besides,  low  temperature  growth  should  improve  the  stoichiometry  of  these  refractory 
compound  semiconductors  with  high  nitrogen  dissociation  pressures  by  easing  the  problems 
associated  with  nitrogen  vacancies.  Low  temperature  growth  is  also  believed  to  reduce  impurity 
contamination. 

2.  Low  Temperature  Growth  of  GaN  by  Plasma  Enhanced  MOCVD 

GaN  growth  was  carried  out  in  a  vertical  chamber,  low  pressure  MOCVD  system.  A 
2.45GHz,  remote  microwave  power  source  was  used  to  activate  a  3%,  ultra  pure  hydrogen  in 
nitrogen  mixture.  The  remote  microwave  source  was  used  to  avoid  damage  to  the  layer  from 
the  energetic  plasma  species.  The  triethylgallium  (TEG)  source  was  transported  separately 
from  the  H2/N2  plasma  line.  C-plane(OOOl)  and  r-plane(li02)  sapphire  were  used  as 
substrates.  Prior  to  growth,  the  wafers  were  degreased,  etched,  rinsed  and  then  blown  dry. 

GaN  growth  was  initiated  by  thermal  treatment  of  the  substrate,  followed  by  a  plasma 
treatment.  In  most  of  the  runs,  a  400-600 A  thick  GaN  buffer  layer  was  grown  at  about  600 °C. 
GaN  epitaxial  layers  were  grown  over  a  temperature  range  of  620-850°C,  which  is  still  much 
lower  than  the  conventional  MOCVD  growth  temperature  of  1050°C.  For  nominally  undoped 
GaN  growth,  the  TEG  transport  rate  was  chosen  to  be  5.7  jimole/m,  while  for  p-doped  GaN 
growth,  the  TEG  flow  rate  was  decreased  to  0.5  |Limole/m.  Bis(cyclopentadienyl)magnesium 
(CP2Mg)  was  used  for  p-type  doping.  The  Mg-doped  GaN  was  thermally  annealed  ih-situ  or 
ex-situ  at  720°C. 

It  is  meaningful  to  compare  the  PE-MOCVD  growth  conditions  with  other  growth 
methods  in  terms  of  GaN  phase  diagram.  Newman  et  al  [8]  discussed  the  GaN  phase  stability 
for  the  case  of  NH3  and  N2  reactants,  as  a  function  of  group  V  reactant  partial  pressure  and 
substrate  temperature.  Our  use  of  an  activated  N2/H2  mixture  could  apply  to  both  cases.  Due  to 
the  large  kinetic  barrier  to  decomposition,  GaN  actually  undergoes  congruent  sublimation 
rather  than  decomposition. 

We  found  that  PE-MOCVD  is  performed  closer  to  the  region  of  the  phase  diagam 
where  GaN  is  stable,  as  compared  with  other  activated  processes  [e.g.  reactive  sputtering, 
plasma-assisted  MBE  or  ECR-assisted  CVD].  This  is  due  to  the  higher  group  V  partial 
pressure  possible  in  the  PE-MOCVD  process.  In  fact,  if  we  restrict  ourselves  to  epitaxial 
growth  processes  at  850°C  and  below,  it  is  the  only  one  even  near  phase  stability. 

3.  Experimental  results 

3.1  X-ray  diffraction  studies 

The  crystalline  quality  of  the  GaN  films  were  characterized  by  X-ray  diffraction  measurements 
(XRD).  Fig.l  shows  an  X-ray  diffraction  9-20  plot  of  a  GaN  layer  grown  on  (0001)  AI2O3. 
The  only  XRD  peaks  observed  are  (002)GaN  and  (004)GaN  reflection  peaks  indicating  that  the 
film  is  single  crystalline  phase.  Furthermore,  the  peak  positions  at  34.6°  and  73.0°  indicate  that 
the  GaN  has  a  wurtzitic  structure,  as  expected  on  c-plane  AI2O3. 

An  X-ray  (|)-scan,  shown  in  Fig.  2,  was  performed  to  evaluate  the  degree  of  in-plane 
ordering  on  a  macroscopic  scale,  that  is,  grains  which  may  have  their  c-axis  aligned  with  that 
of  the  substrate,  but  may  possibly  be  misoriented  in  the  plane  of  the  substrate  surface.  The 

(1014)  plane  reflections  in  the  (ji-scan  show  a  60°  periodicity,  characteristic  of  the  wurtzitic 
symmetry  around  c-axis.  The  absence  of  any  intermediate  or  randomly  occurring  peaks 
indicates  that  the  GaN  is  well  ordered  in-plane  and  no  misoriented  domains  exist.  The  (()-scan 
of  the  c-plane  AI2O3  substrate  shows  its  3-fold  symmetry  around  the  c-axis,  and  the  peaks  ai'e 
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Fig.  1.  XRD  0-20  Plot  of  WurtziticGaN/(0001)Al203  Grown  by  PE-MOCVD 

PHI  SCAN  i  GaN-37 


C  :''-DS000\J  INGnGN370GG  .RAU  Unnamed  <CT:  0.4at,  SS :  1.00d9,  UL.  :  t.S406Ao,  DX;-ia.0) 

Fig.  2  X-ray  O-scan  of  GaN/(0001)  AI2O3  with  60°  periodicity,  indicating  a  high  degree  of  in¬ 
plane  ordering 
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displaced  30°  relative  to  the  GaN  (1014)  peaks  as  expected,  indicative  of  an  atomic  epitaxial 
relationship  between  GaN  layer  and  substrate.  The  X-ray  (|)-scan  measurement  on  a  series  of 
GaN  samples  show  that  single  crystalline  GaN  films  can  be  grown  with  the  growth 
temperatures  from  620°C  to  850°C  by  the  PE-MOCVD. 

Rocking  curve  measurements  were  performed  on  a  series  of  GaN  samples  with  both 
nitriding  at  755°C  and  GaN  buffers  grown  at  630-640°C.  For  growth  between  800-850°C 
rocking  curve  FWHM  values  were  between  31-32  arc  min.  It  should  be  noted  that  these  thin 
films  are  all  sub-micron  in  thickness  and  therefore  have  broadened  rocking  curves.  The 
dependence  of  the  FWHM  on  layer  thickness  has  been  studied  and  found  to  decrease  strongly 
in  the  thickness  range  from  2-5  pm [9].  It  is  expected  that  thicker  PE-MOCVD  GaN  films  will 
have  greatly  reduced  FWHMs. 

The  surface  morphology  of  the  GaN  layers  were  examined  by  scanning  electron 
microscopy.  The  GaN  layers  on  c-plane  AI2O3  substrates  showed  an  essentially  featureless 
surface  at  lOOOx  magnification.  However,  at  30,000x  magnification  a  fine,  submicron  surface 
texture  is  apparent.  These  results  are  similar  to  those  of  MBE  grown  GaN  layers[10]. 

3.2  77K  PL  measurements 

Photoluminescence  (PL)  measurements  were  carried  out  at  77K  on  undoped  and  Mg- 
doped  GaN  films  using  a  pulsed  nitrogen  laser  (337.  Inm).  Fig.  3  shows  the  results  for  an 
undoped  GaN  layer  grown  at  850°C  on  a  (0001)Al203  substrate.  The  77K  PL  is  dominated 
by  a  strong,  single  peak  at  3.45eV  which  is  attributed  to  exciton  emission  of  the  wurtzitic 
GaN[ll].  The  only  other  peaks  are  small  and  probably  the  phonon  replicas  of  the  unresolved 
donor-acceptor  recombination[ll].  The  most  important  features  of  this  spectrum  are  the 
unresolvable  donor-acceptor  pair  emission  and  the  absence  of  the  defects  and  impurity  related 
deep  level  luminescence,  implying  good  crystal  quality  and  reasonable  purity. 

One  further  point  should  be  made  with  respect  to  N2  vs.  NH3  sources.  The 
contamination  levels  for  various  impurities  in  ultra  pure  N2  and  NH3  have  recently  been 
compared[12].  The  overall  purity  level  of  ultra  high  purity  N2  is  nearly  50  times  higher  than 


2  2.2  2.4  2.6  2.8  3  3.2  3.4 
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Fig.  3.  77K  PL  Spectrum  of  Undoped  GaN/(0001)  AI2O3  Grown  by  PE-MOCVD 
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Fig.  4.  77K  PL  Spectrum  of  Mg-doped  GaN  Grown  by  PE-MOCVD  at  645°C,  the  dotted 
curve  is  GN-43  [as-grown] ;  solid  curve  is  GN-43an  [annealed] 

the  best  available  NH3.  Therefore,  the  N2  plasma  process  used  in  this  work  offers  the  potential 
for  higher  purity  GaN  than  those  using  NH3. 

Two  77K  PL  spectra  from  a  Mg-doped  GaN  layer  grown  by  PE-MOCVD  are  shown  in 
Fig.  4.  The  wafer  was  grown  at  645  °C  with  a  nitridation  pretreatment  but  no  low  temperature 
GaN  buffer  layer  because  the  growth  temperature  is  already  low.  The  bottom  PL  spectrum 
[dotted  curve]  is  for  an  as-grown  Mg-doped  sample,  GN-43.  The  upper  PL  spectrum  [solid 
curve]  is  for  an  annealed  sample  cut  from  the  same  wafer.  The  annealing  was  done  at  740°  C  in 
a  nitropn  environment.  It  is  readily  apparent  that  annealing  increases  PL  intensity  by  about 
three  times  without  changing  the  spectral  shape.  This  implies  that  annealing  reduces  non- 
radiative  recombination  without  altering  the  radiative  recombination  mechanism. 

Magnesium  doping  at  650°C  produced  a  strong  blue-green  light  emission  which 
appeared  very  bright  even  at  room  temperature.  This  strong  luminescence  signal  peaked  at 
2.60eV  with  a  prominent  shoulder  at  around  2.85eV.  Several  other  samples  also  showed  a 
second,  lower-energy  shoulder  at  2.3eV.  The  latter  two  peaks  are  consistent  with  the 
observation  by  Dingle  on  Mg-doped  VPE  GaN[ll],  but  to  our  knowledge  the  2.60eV  peak 
was  not  reported.  It  is  speculated  that  Mg-doping  in  GaN  grown  at  low  temperature  by  PE- 
MOCVD  is  responsible  for  this  radiative  Mg-complex  center. 

3,3  Hall  Effect  Measurements 

Hall  effect  measurements,  using  the  van  der  Pauw  method,  were  performed  on  GaN 
grown  on  c-plane  AI2O3.  A  magnetic  field  of  0.7T  was  used  and  both  current  and  field  were 
reversed  in  the  course  of  the  measurement  sequence.  The  measurements  were  performed  at 
300K.  Undoped  GaN  was  n-type  with  electron  concentration  in  the  mid-lO^^  to  mid-10^^ 
cm"3  range.  This  has  been  previously  observed  and  has  been  associated  with  N2  vacancies  or 
oxygen  incorporation.  This  includes  samples  with  a  wide  variety  of  PL  characteristics. 
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including  GN-39,  which  showed  only  excitonic  PL  and  no  deep  levels.  No  apparent 
correlation  was  observed  between  optical  and  electrical  properties  for  undoped  samples. 

The  mobilities  measured  in  this  study  were  relatively  low,  with  the  highest  values  being 
from  18-80  cm2/v-s  at  300K.  We  believe  that  this  is  due  to  excess  scattering  from  compensated 
residual  impurities  such  as  carbon  due  to  inadequate  N+  or  H+  concentration.  All  Mg-doped 
samples  were  measured  to  determine  earner  type  and  concentration.  The  initial  run  with  Mg- 
doping,  GN-42  [on  r-plane  AI2O3]  ,  resulted  in  resistivity  of  6.5  x  10^  ohm-cm,  and  a  much 
reduced  n-type  carrier  concentration  of  ^lO^^  cm“^  after  growth.  After  N2  plasma  annealing  at 
720°C  for  30  min,  resistivity  decreased  substantially,  as  indicated  in  Table  2. 


Table  2.  Electrical  Properties  of  Mg-doped  GaN  on  AI2O3 


Sample 

AI2O3  Orient. 

Resistivity 

[ohm-cm.] 

Carrier  Cone. 
[cm"3] 

Cond.  Type 

Mg-carr.  flow 
[seem] 

GN-42 

r-plane 

6.5E+05 

-lE-^13 

n 

5 

GN-42an 

It 

l.lE+01 

l.OE+17 

n 

5 

GN-43 

c-plane 

high 

- 

- 

7 

GN-43an 

It 

l.OE+03 

l.OE+15 

n 

7 

GN-46 

" 

5.9E-h01 

1.3E-H18 

2 _ ; 

30 

The  Mg-doping  level  was  increased,  by  increasing  the  Mg-carrier  gas  flow  to  30  seem, 
in  run  GN-46,  p-type  GaN  with  a  low  mobility  of  .08  cm^/v-sec.  was  obtained.  The  low 
mobility  is  believed  to  be  associated  with  compensated  hole  conduction.  To  the  best  of  our 
knowledge,  this  is  the  first  observation  of  p-type  conductivity  in  GaN  using  a  PE-MOCVD 
process  and  demonstrates  the  feasibility  of  using  PE-MOCVD  for  the  growth  of  GaN-based 
heterostructures. 
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Abstract.  The  rapid  advancement  in  the  area  of  III-V  Nitride  based  materials  and  devices  has 
stimulated  great  interest  in  the  search  of  a  high  volume  production  technology.  We  have 
utilized  multi-wafer  MOCVD  method  utilizing  high  speed  rotation  to  grow  GaN  thin  fdms  on 
(0001)  sapphire  substrates.  GaN  films  with  good  thickness  uniformity  (±2%)  and  surface 
morphology  were  obtained.  Typical  room  temperature  background  electron  concentration  is  in 
the  mid- 10^^  cm‘^  with  mobility  of  200  cm^/V-s.  Room  temperature  photoluminescence 
showed  a  strong  356nm  bandedge  emission  and  a  much  weaker  deep  level  band  peaking  at  575 
nm.  At  77K,  two  weak  peaks  at  364  nm  and  375  nm  were  observed,  which  may  be  related  to 
the  compensation  centers  in  the  films. 

1.  Introduction 

III-V  nitrides  are  wide  bandgap  semiconductor  materials  that  posses  many  unique 
properties,  their  high  thermal  and  physical  strength  along  with  low  electrical  leakage  and 
radiation  hardness  make  these  materials  suitable  for  fabricating  high  temperature  and 
high  power  electronic  devices  and  circuits.  Also,  their  direct  bandgap  ranging  from 
2.2  eV  to  6.0  eV  are  promising  for  optical  device  applications  in  the  full  visible  and 
ultraviolet  (UV)  spectra.  Recently,  high  brightness  light  emitting  diode  (LED)  emitting 
at  350  nm  with  1.5  mW  optical  power  has  been  made  available  commercially  [1].  This 
opens  up  new  opportunities  in  the  applications  of  full  color  displays,  road  signs,  etc.,  as 
well  as,  future  potential  for  high  density  optical  storage  system  when  short  wavelength 
(<50  nm)  laser  diode  can  be  made  from  these  materials. 

Compared  with  the  much  more  matured  GaAs-  or  InP-based  technology,  III-V 
nitrides  are  still  in  their  preliminary  development  stage  and  many  basic  material  issues 
require  engineering  solutions.  Namely,  these  inelude  the  lack  of  lattice  matched 
substrates,  nitrogen  vacancies,  p-type  doing,  etc.  Research  into  these  problematic  areas 
has  been  increasingly  active,  and  much  progress  has  been  resulted  in  the  last  few  years 
[2, 3, 4, 5].  Very  high  quality  GaN  films  with  room  temperature  electron  mobility  up  to 
200  cm^A^-s  have  been  reported  by  Nakamura  et.  al.  [2].  They  also  reported  p-type  GaN 
with  hole  eoncentration  as  high  as  3  x  lO^^cm"^  using  their  Two  Flow-MOCVD  reactor 
[6].  These  results  have  stimulated  great  interest  in  the  search  for  a  high  throughput 
growth  process  and  equipment  for  future  production  of  III-V  nitride  based  materials  and 
devices. 

In  this  paper  we  will  describe  a  multi-wafer  MOCVD  growth  proeess  utilizing  a 
high  speed  rotating  disk  to  achieve  high  quality  GaN  films  grown  on  (0001)  AI2O3 
substrates. 


*  On  leave  from  EMCORE 


120 


2.  High  speed  rotating  disk  MOCVD  reactor 

The  gas  dynamics  of  the  high  speed,  low  pressure,  rotating  disk  reactor  allows  for  the 
growth  of  uniform  epitaxial  layers  over  a  large  area  [7,8].  Theoretical  studies  of  this  type  of 
CVD  reactor  along  with  the  flow  visualization  experiments  have  been  reported  [9,10].  A 
simplified  schematic  of  a  typical  rotating  disk  reactor  is  shown  in  Fig.l.  During  the 
deposition  process,  the  disk  (wafer  carrier)  rotates  at  a  high  speed  (500  -  1000  rpm)  and  a 
'top  flow'  which  is  a  mixture  of  reactant  gases  with  a  much  higher  main  hydrogen  flow  is 
introduced  from  the  top  flange.  The  group  III  and  nitrogen  precursors  mixed  with  hydrogen 
are  transported  into  their  own  divided  zones  with  flow  distributions  regulated  by  individual 
needle  valves  before  each  zone.  The  group  III  and  nitrogen  precursors  do  not  mix  before 
entering  the  chamber  so  the  chemical  reaction  inside  the  top  flange  can  be  avoided.  The 
distribution  of ’top  flow'  in  each  zone  is  adjustable.  This  along  with  the  wafer  rotation  results 
in  highly  uniform  films.  The  high  speed  rotation  also  provides  additional  advantages  over 
conventional  MOCVD  processes.  Due  to  the  relatively  high  speed  between  the  gas  flow  and 
the  wafer  surface,  the  thermodynamic  boundary  layer  thickness  is  much  reduced,  which 
results  in  higher  growth  rates  while  maintaining  uniformities  (thickness,  doping, 
composition).  These  attributes  are  especially  useful  for  the  growth  of  GaN  since  the 
generation  of  gas  flow  recirculation  due  to  the  much  higher  gas  viscosity  (high  ammonia 
flow  rate)  and  the  likely  premature  reactions  (high  growth  temperature)  between 
metalorganic  precursors  and  ammonia  can  be  effectively  reduced,  while  maintaining  high 
growth  rate  by  using  low  growth  pressure  in  conjunction  with  high  speed  rotation. 


Nitrogen  source 
distribution  manifold 


Group  m  distribution 
manifold 


Fig.  1.  A  simplified  schematic  of  high  speed  rotating  disk  MOCVD  reactor  for  III-V  Nitndes. 
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3.  Experimental  procedure 

An  EMCORE  GS3300  MOCVD  reactor  with  a  process  throughput  of  six  2"  wafers  per 
growth  run  was  used.  However,  during  this  experimental  period  we  have  only  used  T'-dia. 
size  substrates.  Sapphire  substrates  with  (0001)  orientation  were  first  cleaned  with  solvents 
and  followed  by  etching  in  1:1  HNO3;  H2O2  solution,  DI  water  rinse  and  blow  dry  with 
UHP  nitrogen.  The  substrate  was  then  loaded  in  the  load-lock  which  was  pumped  down  to 
10"^  torr  before  transfered  to  the  growth  chamber.  The  sources  used  are  trimethylgallium 
(TMG)  and  ammonia  (NH3,  100%).  Growth  experiments  were  performed  under  a  reactor 
pressure  200  torr  and  a  wafer  carrier  rotation  speed  at  1000  rpm.  The  growth  process  started 
with  10-minute  substrate  annealing  at  1050  under  H2  ambient.  The  substrate  temperature 
was  then  reduced  to  540  and  a  250  A  thick  GaN  buffer  layer  was  grown.  Immediately 
after  the  buffer  layer  growth,  the  substrate  temperature  was  ramped  up  to  1030  for  the 
GaN  epitaxial  growth.  During  the  temperature  ramping,  NH3  continued  flowing  to  the 
growth  chamber  to  avoid  decomposition  of  the  GaN  buffer  layer.  The  growth  rate  of  the 
buffer  layer  and  the  epitaxial  GaN  layer  were  1  pm/hr  and  2.5  pm/hr,  respectively.  The 
resulted  GaN  film  thickness  was  2.5  pm.  All  samples  were  evaluated  by  Surface 
profilometry,  Nomarski  optical  microscopy,  Scanning  Electron  Microscopy  (SEM),  double 
crystal  x-ray  rocking  curve  (DCXRC),  Hall  measurement,  and  photoluminescence  (PL). 

4.  Results 

Highly  uniform  GaN  films  were  obtained  with  thickness  uniformity  ±2%  across  1 "  wafers. 
The  surface  morphology  of  the  films  were  evaluated  by  both  Nomarski  optical  microscopy 
and  SEM,  as  shown  in  Fig.  2a  and  2b.  Some  faint  texture  can  be  observed  under  low 
magnification  (50X).  The  roughness  is  less  than  100  A  measured  by  DEKTAK  surface 
profllometer.  At  high  magnification,  as  shown  in  Fig.  2b,  the  surface  morphology  is  very 
smooth. 


50  pm  2  pm 

(a)  (b) 


Fig.  2  (a)  Surface  morphology  of  a  GaN  film  observed  by  Normarski  optical  microscopy, 
and  (b)  Same  surface  observed  by  SEM. 
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Fig.  3.  Typical  DCXRC  of  GaN  films  grown  by  high  speed  rotating  disk  MOCVD  method. 


DCXRC  is  a  useful  method  to  evaluate  the  crystallinity  of  thin  films.  A  typical 
DCXRC  result  of  the  GaN  films  we  grew  is  shown  in  Fig.  3.  The  FWHM  is  about  330  arc 
second.  The  electrical  transport  properties  was  measured  by  Hall  effect  using  Van  der  Paul 
method.  All  the  as-grown  GaN  samples  exhibit  n-type  conduction  with  room  temperature 
electron  concentration  in  the  mid-iol?  cm’^  range  and  mobility  of  about  200  cm  /V-s. 
However,  the  electron  mobility  decreased  slighUy  when  the  samples  were  cooled  down  to 
77K,  indicating  compensation.  The  origin  of  the  compensation  centers  is  not  clear  yet. 
Research  into  possible  causes  such  as  source  purity,  growth  condition,  etc.,  are  currently 
under  investigation. 

The  optical  properties  of  the  GaN  films  were  evaluated  by  PL  spectroscopy.  At  room 
temperature,  as  shown  in  Fig.  4a,  band  edge  emission  at  356  nm  dominates  the  spectrum  and 
a  much  weaker  and  broader  peak  at  575  nm  is  observed.  A  shoulder  on  the  longer 
wavelength  side  of  the  band  edge  emission  is  also  observed,  indicating  the  presence  of 
shallow  donors  or  acceptors.  The  deep  level  emission  at  575  nm  has  been  common  y 
observed  by  other  research  groups  [11,12]  and  its  origin  is  still  an  open  area  to  be  fiirther 
studied.  At  77K,  as  shown  in  Fig.  4b,  the  ratio  of  the  intensity  between  the  band  edge  and 
the  deep  level  emission  increases  significantly  such  that  the  deep  level  emission  is  not 
observable  under  the  scale  of  Fig.  4b.  The  shallow  energy  states  at  77K  can  be  distinquished 
into  two  major  components,  peaking  at  364  nm  and  375  nm  respectively.  These  impurities 
or  defect  levels  may  be  related  to  the  aforementioned  compensating  centers  since  no  such 
shallow  states  were  observed  in  some  of  the  reported  PL  results  obtained  from  GaN  films 
with  no  compensation.  More  efforts  are  needed  to  further  clarify  the  ongin  of  these  energy 
states. 
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5.  Summary 

Highly  uniform  GaN  thin  films  grown  on  (0001)  sapphire  substrates  were  obtained 
using  a  high  speed  rotating  disk  MOCVD  reactor  with  high  wafer  throughput.  Surface 
morphology  is  good  with  roughness  less  than  100  A  measured  by  surface  profilometry. 
Material  properties  measured  by  DCXRC,  Hall  effect  and  PL  indicate  the  GaN  films 
grown  by  this  method  are  of  high  quality.  More  studies  are  needed  to  explore  the  origins 
of  the  deep  level  emission,  electrical  compensation  and  the  shallow  energy  states 
observed  by  PL  measurements. 
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Abstract.  Heteroepitaxial  GaN  was  grown  on  (100)  GaAs  by  plasma  assisted  molecular 
beam  epitaxy.  The  effect  of  GaAs  surface  treatment  and  low  temperature  grown  buffer  layers 
are  investigated.  Optimized  growth  conditions  are  obtained  using  X-ray  rocking  curve  and 
Raman  Spectroscopy.  High  resolution  cross-sectional  TEM  photographs  show  the  GaN  films 
are  defective  near  the  interface  and  have  columnar  domains.  Only  the  (0002)  peaks  of  wurtzite 
GaN  are  observed  in  X-ray  Diffraction  patterns  and  the  FWHM  of  (0002)  GaN  peak  is  about 
720  seconds.  We  investigate  the  effect  of  heat  treatment  of  GaN  films  at  trmperatures  between 
600°C  to  I000°C  for  30  minutes.  It  is  observed  that  the  crystalline  quality  of  the  GaN  films  is 
relatively  little  changed  by  post-growth  heat  treatment. 

1.  Introduction 

GaN  and  other  III-V  nitride  semiconductors  (AIN,  InN  and  their  alloys)  have  direct 
wide  bandgaps  and  reasonable  electron  mobility.  They  thus  have  great  potential  for  the 
fabrication  of  optoelectronic  devices  operating  in  the  blue  to  UV  region  and  electronic 
devices  operating  under  harsh  environments  and  high  temperatures.  Some  of  their  potential 
applications  have  already  been  realized.  Two  new  commercial  products  using  these 
materials  are  Nichia’s  blue  light  emitting  diodet^l  and  APA  Optic’s  UV  sensors. 

Despite  the  attractive  features  of  these  materials,  they  have  been  almost  unexplored  until 
recently  and  there  are  a  number  of  materials  problems  which  have  not  been  solved  and 
understood  yet.  These  problems  are  a)  the  absence  of  a  substrate  that  has  a  good  lattice  and 
thermal  expansion  match  to  any  of  these  nitrides,  b)  the  nature  of  structural  and  intrinsic 
electronic  defects,  c)  the  nature  of  both  intentional  and  unintentional  impurity  species  and  d) 
the  very  high  equilibrium  pressure  of  nitrogen  over  GaNt^]  ,  so  that  GaN  must  be  grown 
under  non-equilibrium  conditions.  The  lattice  mismatch  between  the  nitride  film  and  the 
substrate  causes  misfit  dislocations,  stacking  faults  and  other  crystalline  defects.  Complete 
incorporation  of  nitrogen  atoms  into  the  growing  film  is  also  very  difficult,  especially  at  the 
typical  growth  temperature. 
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One  of  the  key  issues  for  MBE  is  the  nitrogen  source.  We  have  chosen  an  electron 
cyclotron  resonant  (ECR)  plasma  source  to  provide  chemically  reactive  nitrogen  ions  and 
radicals.  In  this  ECR-MBE  technique,  the  nitride  film  is  grown  by  the  reaction  of  elemental 
Ga  with  an  activated  atomic  nitrogen  species  produced  by  dissociation  of  nitrogen  gas  in 
which  is  a  trade-off  between  the  ECR  plasma  discharge  and  the  plasma  energy.  One  of  the 
major  issues  for  this  technique  is  the  ion  damage  in  the  film.  Compared  to  the  MOCVD 
technique,  ECR  assisted  MBE  technique  has  advantages  including  lower  growth 
temperature,  availability  of  in-situ  monitoring  tools  and  absence  of  hydrogen,  which  is 
believed  to  passivate  p-type  dopants and  enhanced  surface  diffusion  of  adatoms  on 
the  growing  film  due  to  the  lower  growth  pressure. 

2.  Experimental 

The  growth  system  used  in  this  study  is  a  modified  Varian  GEN  II  MBE  system  with  a 
Wavemat™  electron  cyclotron  resonance  (ECR)  plasma  source.  Because  the  V/III  ratio 
may  be  very  important,  this  source  was  positioned  in  the  center  of  the  source  flange 
(normal  “pyrometer  port”)  in  order  to  obtain  a  uniform  flux  of  activated  nitrogen  over  the 
entire  substrate  surface.  Group  III  elements  are  evaporated  from  standard  effusion  cells. 
During  the  growth,  the  nitrogen  pressure  is  typically  a  few  times  of  torr,  which  is  still 
in  the  molecular  flow  regime. 

Semi-insulating  (100)  GaAs  wafers  were  chemically  cleaned,  prior  to  loading.  Wafers 
were  baked  at  500°C  for  an  hour  in  the  loading  chamber  to  drive  off  water  and  then 
transferred  to  the  growth  chamber.  The  substrate  was  exposed  to  the  nitrogen  plasma  at 
740^  for  30  minutes  for  native  oxide  removal  and  surface  nitridation.  A  400  A  thick  GaN 
or  AIN  buffer  layer  was  grown  at  400°C  and  the  substrate  temperature  was  then  raised  to 
the  normal  growth  temperature  (650  -  740°C).  After  the  growth,  some  films  were  heat- 
treated  in  a  quartz  tube  furnace  under  N2  ambient  between  600“C  and  1000°C  for  30 
minutes  to  investigate  the  stability  and  potential  improvement  in  crystalline  quality  of  the 
GaN  films.  The  typical  growth  conditions  for  the  GaN  films  grown  with  ECR  plasma  are 
described  in  Table  1. 


substrate  temperature 

650  -  740'’C 

nitrogen  flow  rate 

10-20  scam 

Ga  beam  flux 

2  -  3  X  10”^  torr 

Plasma  power 

150- 200  W 

chamber  pressure 

1.9  X  10"“^  torr 

Table  1 .  Typical  growth  conditions  for  GaN  films 
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The  growth  rate  was  about  0.15  -  0.2  |im/hr,  and  was  not  appreciably  changed  by  the 
range  of  growth  parameters  in  Table  1.  Some  of  the  films  showed  ring-type  patterns  from 
ion  damage  due  to  the  toroidal  plasma. 

3.  Results  and  Discussion 

Figure  l-(a),  a  high  resolution  cross-sectional  TEM  photograph  of  the  GaN  film, 
shows  the  GaN  grown  on  (100)  GaAs  is  wurtzitic.  Near  the  interface,  the  film  contained  a 
very  high  density  of  dislocations  and  stacking  faults.  A  small  cluster  of  zincblende  GaN 
was  observed,  but  the  GaN  film  showed  mainly  wurtzite  stacking  sequence.  Figure  l-(b), 
cross-sectional  TEM  photograph  at  lower  magnification,  shows  that  the  GaN  film  consists 
of  columnar  domains  and  that  each  domain  is  relatively  free  of  defects. 


Fig.  1.  Cross-sectional  TEM  photograph  of  GaN  film  on  GaAs 
(a)  HRTEM  (b)  at  lower  magnification 

A  typical  X-ray  diffraction  pattern  is  shown  in  Figure  2.  The  X-ray  diffraction  pattern 
shows  only  (0002)  peaks  of  wurtzitic  GaN  with  a  FWHM  of  720  seconds.  An  example  of 
Raman  spectrum  obtained  in  the  back  scattering  configuration  along  the  z-axis  is  shown  in 
Figure  3.  The  longitudinal  Ai  mode  at  730  cm’l  and  the  E2  mode  at  565  cm'^  are  both 
observed,  in  correspondence  with  selection  rules  for  wurtzitic  GaNt^l  .  These  results 
shows  the  GaN  film  is  oriented  along  the  z-axis. 
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Fig.  2.  X-ray  Diffraction  Pattern  of  GaN  film  on  GaAs 


Fig.  3.  Raman  Spectrum  of  GaN  on  GaAs  in  backscattering  along  z-axis 

To  verify  the  composition  of  the  film,  we  analyzed  the  film  by  X-ray  Photoelectron 
Spectroscopy  (XPS).  The  top  lOOA  of  the  surface  was  sputter  etched  in  vacuum  prior  to 
the  analysis  to  remove  surface  contaminants.  The  XPS  spectra  revealed  that  the  GaN  film 
contained  about  7.4%  oxygen  and  the  N  to  Ga  ratio  was  0.933,  indicating  the  presence  of 
nitrogen  vacancies.  No  obvious  Si  peak  was  observed,  which  means  Si  content  should  be 
less  than  0.1  atomic  %. 
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Fig.  4.  Photoluminescence  Spectrum  of  GaN  on  GaAs  at  77°K 

The  Optical  properties  of  GaN  were  investigated  using  low  temperature 
photoluminescence.  A  325nm  HeCd  laser  (lOmW  power)  was  used  to  excite  electrons-hole 
pairs.  As  shown  in  Figure  4,  there  is  also  very  broad  band  luminescence  around  550nm 
which  is  likely  due  to  several  deep  level  intrinsic  defects,  impurities  or  defect-impurity 
complexes.  The  sharp  bandedge  luminescence  is  somewhat  surprising  in  light  of  the  high 
oxygen  concentration  shown  by  XPS. 

Post-growth  heat  treatment  was  carried  out  under  N2  ambient  at  various  temperature  in 
order  to  investigate  the  crystalline  quality  of  GaN  films.  These  samples  were  measured  by 
X-ray  diffraction  after  annealing  and  the  FWHM  of  the  GaN  (0002)  rocking  curves  are 
shown  in  Figure  5.  Unfortunately,  there  is  only  slight  improvement  of  the  film  crystal 
quality. 


Fig.  5.  Effect  of  annealing  temperature  on  FWHM  of  GaN  (0002)  peak 


130 


4.  Conclusions 

GaN  films  grown  on  (100)  GaAs  by  ECR  assisted  MBE  showed  the  wurtzite  structure 
and  consisted  of  columnar  domains.  The  activated  atomic  nitrogen  flux  limits  the  growth 
rate  to  a  very  low  level  (0.15  -  0.2  ^m/hr).  The  plasma  also  gives  rise  to  a  fairly  high 
concentration  of  silicon  and  oxygen  contamination  to  the  film  due  to  sputtering  of  the  Si02 
plasma  cup.  Only  (0002)  wurtzite  peaks  were  observed  by  X-ray  diffraction.  XPS  studies 
revealed  a  considerable  amount  of  oxygen  impurities  in  the  film  and  the  absence  of  a  1  to  1 
stoiehiometry  in  the  film  composition. 
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MBE  Growth  of  GaN  with  ECR  Plasma  and 
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Abstract.  GaN  films  were  grown  on  (0001)  sapphire  by  molecular  beam  epitaxy  (MBE).  Two 
sources  of  activated  nitrogen  were  investigated:  an  electron  cyclotron  resonance  (ECR)  plasma, 
and  hydrogen  azide  (HN3),  With  the  ECR  plasma  source,  typical  growth  rates  were  ~0.1  |lm/hr. 
Films  grown  in  this  manner  showed  significant  surface  damage  from  ions,  and  very  little  if  any 
photoluminescence.  With  HN3,  growth  rates  were  -0.25  pm/hr.  Azide-grown  films  showed 
smooth  surfaces,  and  sharp  band-to-band  photoluminescence.  This  is  the  first  reported  use  of 
HN3  to  grow  III-V  nitrides  by  MBE,  and  it  shows  great  promise  as  a  nitrogen  source. 


1.  Introduction 

The  growth  of  III-V  nitrides  poses  particular  difficulties  for  molecular  beam  epitaxy  (MBE). 
Due  to  the  high  equilibrium  partial  pressure  of  nitrogen  over  these  materials  at  typical  growth 
temperatures,  a  very  active  source  of  nitrogen  is  needed  in  order  to  achieve  film  growth  while 
simultaneously  maintaining  the  ultra-high  vacuum  conditions  necessary  for  MBE  [1].  In  this 
study  we  compare  two  different  sources  of  active  nitrogen-  a  plasma,  in  which  nitrogen  gas 
is  physically  exicted,  and  a  highly  reactive  nitrogen-containing  compound,  hydrogen  azide. 

2.  Growth  with  ECR  Plasma 

2.1.  Experimental  Procedure 

All  samples  in  this  study  were  grown  in  a  modified  Varian  GEN  II  MBE  machine.  Standard 
MBE  effusion  cells  were  used  for  the  Group  III  elements.  Both  a  nitrogen  plasma  and 
hydrogen  azide  gas  were  used  as  nitrogen  sources.  The  plasma  was  generated  by  a 
WavemaU^  electron  cyclotron  resonance  (ECR)  plasma  source  which  sits  in  the  center  of  the 
source  flange,  normal  to  the  substrate  (Figure  1). 
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RHEED  Gun 


Figure  1.  MBE  chamber  with  ECR  plasma  source. 


Sapphire  wafers  with  the  (0001)  orientation  were  degreased  in  solvents,  placed  into  a  160  “C 
mixture  of  H2SO4:  H3PO4  (3:1)  for  15  minutes,  and  rinsed  in  deionized  water  for  10 
minutes.  After  being  blown  dry  with  nitrogen  gas,  they  were  indium-bonded  to 
molybdenum  block  substrate  holders.  The  wafers  were  then  loaded  into  a  load  chamber 
attached  to  the  MBE  system.  After  the  load  chamber  was  pumped  down  to  -lO'^  torr,  the 
wafers  were  baked  at  500  °C  for  one  hour  in  order  to  drive  off  water. 

Wafers  were  then  loaded  into  the  MBE  chamber.  Prior  to  growh,  they  were  heated  to 
900  °C  to  remove  impurities  from  the  surface.  They  were  then  cooled  to  400  “C.  The 
plasma  was  started,  and  wafers  were  exposed  to  the  plasma  for  30  minutes  in  order  to 
nitridize  the  surface.  A  low-temperature  (400  T)  buffer  layer  of  -200  A  was  then  grown. 
Conditions  for  the  remainder  of  the  growth  were  varied  according  to  Table  1  below. 


Substrate  temperature 

600  °C  -  860  °C 

Nitrogen  flow  rate 

10-20  seem 

Plasma  power 

150-250  W 

Ga  beam  equivalent  pressure 

1  -  3  X  10'^  torr 

Plasma  pressure 

>  10"'^  torr 

Growth  time 

6  -  12  hrs 

Table  1 .  Growth  conditions  with  ECR  Plasma 
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2.2.  Experimental  Results 

Films  grown  with  the  ECR  plasma  were  found  to  be  single  crystal  GaN,  with  a  high 
concentration  of  defects.  A  typical  X-ray  diffraction  spectrum,  with  an  FWHM  of  ~20 
arcminutes,  is  shown  below  in  Figure  2.  Growth  rates  were  determined  by  profilometry  to 
be  approximately  0.1  |Xm/hr.  Many  of  the  films  grown  with  the  ECR  plasma  displayed 
significant  ion  damage.  In  particular,  several  showed  ring-shaped  damage  patterns 
corresponding  to  the  toroidal  plasma. 


Figure  2.  X-ray  diffraction  spectrum  of  GaN  on  AI2O3 

3.  Growth  with  Hydrogen  Azide 

3. 1 .  Hydrogen  Azide  ( HN 3 } 

Hydrogen  azide  (HN3),  the  most  reactive  of  the  hydronitrogens,  is  particularly  well-suited  to 
growing  nitrides,  as  it  decomposes  at  relatively  low  temperatures  (-300  °C)  to  form  an  N2 
molecule  and  a  metastable  HN  (nitrene)  radical  with  two  dangling  bonds.  This  radical 
provides  a  ready  source  of  active  nitrogen.  Hydrogen  azide  also  has  the  lowest  hydrogen-to- 
nitrogen  ratio  of  any  hydronitrogen;  this  could  have  important  consequences,  as  hydrogen  is 
believed  to  passivate  p-type  dopants  in  GaN  [2]. 

Hydrogen  azide  must  be  handled  with  great  care,  as  it  is  both  highly  toxic  and  explosive. 
It  is  most  prone  to  explode  when  condensed.  For  that  reason,  it  cannot  be  pumped  with 
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cryopumps;  turbopumps  must  be  used  instead.  When  stored  at  low  pressure  (-100  torr), 
hydrogen  azide  has  been  shown  to  be  stable  for  months  [3].  Due  to  its  corrosive  nature, 
HN3  can  only  be  used  with  compatible  materials,  such  as  stainless  steel  and  Viton'^^^. 

As  hydrogen  azide  is  not  commercially  available,  it  must  be  synthesized  by  the  user  in 
the  laboratory.  An  apparatus  was  constructed  for  generating,  storing,  and  dispensing  HN3 
(Figure  3).  For  safety  reasons,  the  entire  apparatus  sits  inside  a  Semi-Gas'^'^  gas  cabinet.  To 
form  HN3,  20  grams  of  sodium  azide  (NaN3)  are  mixed  with  1  kg  of  stearic  acid 
(CH3(CH2)16C00H)  in  a  stainless  steel  reaction  chamber.  The  chamber  is  then  evacuated 
and  heated  to  100  “C.  After  pumping  on  the  chamber  for  30  minutes  to  remove  impurities, 
the  hydrogen  azide  gas  evolved  by  the  reactin  is  collected  in  an  evacuated  stainless  steel 
cylinder  until  it  reaches  a  pressure  of  100  torr.  The  reaction  is  allowed  to  go  to  completion, 
and  the  remainder  of  the  HN3  gas  that  is  generated  is  pumped  away  into  the  exhaust. 


Figure  3.  Hydrogen  azide  generation,  storage,  and  dispensing  system. 


3.2.  Experimental  Procedure 

Sapphire  substrates  were  prepared  and  loaded  as  described  in  the  previous  section.  They 
were  heated  to  900  “C  for  30  minutes  and  then  cooled  to  400  °C.  HN3  was  then  introduced 
into  the  MBE  chamber  through  a  water-cooled  delivery  tube  in  one  of  the  furnace  ports. 
Each  substrate  sat  in  the  HN3  flux  for  30  minutes  in  order  to  nitridize  the  surface  of  the 
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sapphire  and  form  a  thin  layer  of  AIN.  The  gallium  shutter  was  then  opened.  After  a  low- 
temperature  (400  “C)  GaN  buffer  layer  of  -200  A  was  grown,  the  substrate  was  heated  to  the 
final  growth  temperature.  After  8  hours  of  growth,  the  substrate  was  cooled  and  the  Ga  and 
HN3  fluxes  were  shut  off.  Growth  parameters  are  listed  in  Table  2. 


Substrate  temperature 

600  °C  -  860  “C 

Ga  beam  equivalent  pressure 

1  -  3  X  10'^  torr 

HN3  flow  rate 

1  -  3  seem 

HN3  beam  equivalent  pressure 

i  -  5  X  10'^  torr 

Growth  time 

8  hours 

Table  2.  Growth  conditions  with  Hydrogen  Azide 
3.3.  Experimental  Results 

Gallium  nitride  films  grown  with  hydrogen  azide  were  much  smoother  and  more  uniform 
than  those  grown  with  an  ECR  plasma.  They  displayed  none  of  the  surface  damage  that  the 
plasma-grown  films  showed.  Growth  rates  were  measured  to  be  approximately  0.25  p.m/hr, 
or  almost  three  times  those  attained  with  the  plasma  source. 

Photoluminescence  (PL)  measurements  were  perfomred  at  77  K  using  a  10  mW  He-Cd 
laser  operating  at  325  nm.  Films  grown  with  hydrogen  azide  showed  a  strong  PL  peak  at 
360  nm,  corresonding  to  a  band-to-band  transition,  and  very  little  deep  level  luminescence. 
A  typical  spectrum  is  shown  in  Figure  4. 
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Figure  4.  Photoluminescence  of  GaN  on  AI2O3  Grown  with  HN3 
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4.  Conclusions 

A  new  nitrogen  source,  hydrogen  azide,  has  been  successfully  used  to  grow  gallium  nitride 
films  by  MBE.  To  our  knowledge,  this  is  the  first  reported  use  of  HNS  to  grow  III-V 
nitrides  by  MBE.  Films  grown  with  hydrogen  azide  show  better  surface  morphology  and 
much  stronger  photoluminescence  than  films  grown  with  a  plasma  source,  and  growth  rates 
are  almost  three  times  higher.  Hydrogen  azide  is  thus  an  extremely  promising  nitrogen 
source  for  use  in  the  MBE  growth  of  III-V  nitrides. 
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Abstract  The  growth  mechanics  of  GaN  are  studied  by  Monte  Carlo  modeling.  An  atomistic 
model  has  been  developed  for  this  purpose  and  MBE-like  growth  conditions  were  assumed. 
The  growth  kinetics  suggest  that  GaN  growth  surfaces  are  likely  to  be  Ga  stabilized.  The 
impact  of  substrate  temperature,  Ga  flux  and  N/Ga  ratio  on  growth  front  quality  is  analyzed. 
The  results  indicate  that  there  is  a  temperature  window  and  a  N/Ga  ratio  window  in  which  a 
good  growth  front  could  be  obtained  while  preserving  a  reasonable  growth  rate.  2D  and  3D 
growth  front  contours  evaluated  under  various  growth  conditions  are  used  to  analyze  the 
growth  of  GaN. 

1  Introduction 

Recent  experimental  studies  of  GaN  resulted  in  very  encouraging  results  in  terms  of 
crystallographic  and  optical  characteristics,  as  well  as,  application  of  this  material  to  the 
realization  of  devices  such  as  Light-Emitting-Diodes[l].  In  spite  of  this  progress  there  is 
a  lack  of  detailed  understanding  of  the  mechanics  involved  in  GaN  growth  and  the  exact 
role  of  growth  parameters  in  determining  the  quality  of  the  resulting  material.  This  paper 
addresses  these  issues  by  Monte  Carlo  modeling. 

The  thermodynamics,  kinetics,  and  the  microscopic  details  of  incorporation  of 
atoms  play  very  important  roles  in  controlling  the  quality  of  growth  [2].  To  fully 
understand  these  important  issues,  an  atomistic  understanding  of  GaN  growth  must  be 
developed.  In  this  paper,  a  model  for  nitrogen  incorporation  in  molecular-beam-epitaxy - 
like  (MBE-like)  growth  of  GaN  is  presented.  A  theoretical  study  based  on  Monte  Carlo 
techniques  is  carried  out.  The  importance  of  group  V  element  to  group  III  element  (V/III) 
flux  ratios,  growth  temperatures,  and  Ga  flux  on  the  growth  quality  of  GaN  are  examined. 

2  Theoretical  Model 

A  first  attempt  in  simulating  the  growth  of  GaN  can  be  made  by  considering  molecular 
beam  epitaxy  (MBE)-like  conditions.  Electron-cyclotron-resonance  MBE  (ECR-MBE) 
like  conditions  were  chosen  for  our  simulations  because  of  the  relatively  simple  processes 
involved  in  this  case.  In  ECR  MBE,  the  ECR  source  is  used  to  produce  the  atomic 
nitrogen  and  Gallium  comes  from  the  conventional  Knudsen-effusion-cellt^].  (001) 
GaAs  has  been  selected  as  the  substrate  for  the  simulation  of  the  growth  reported  here 
due  to  the  importance  of  cubic  GaN  in  device  applications.  The  calculated  trends  are, 
however,  of  more  general  nature  and  may  be  employed  as  general  guidelines  for 
understanding  GaN  growth. 
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FIG  1  Schematic  representation  of  "MBE-like"  GaN  growth  processes 

The  lattice  gas  model  using  Monte  Carlo  techniques  has  been  quite  successful  in 
understanding  the  atomistic  nature  of  the  growth  of  III-V  semiconductors [2],  such  as 
GaAs,  AlAs,  and  InAs,  and  II- VI  systems  as  in  HgTe-CdTe[4].  with  some  important 
modifications  discussed  below,  we  follow  this  formalism  for  the  GaN  system. 

The  dynamics  of  crystal  growth  from  the  vapor  could  be  simulated  by  four  basic 
events:  impingement,  surface  reaction,  surface  migration,  and  evaporation.  In  Figure  1, 
we  show  a  schematic  representation  of  the  MBE  growth  process  for  GaN,  in  which  we 
assure  that  atomic  species  are  chemisorbed  while  molecular  species  are  physisorbed  on 
the  surface  [5].  The  kinetic  processes  are  described  by  the  evaporation  and  diffusion  rates. 

The  evaporation  rate  Rg  is  taken  to  be  of  an  Arrhenius  form: 

Re  =  Roe  exp(-Eevap  /  keT)  (1) 

where  i  is  the  site  for  the  cation  or  anion  under  question;  Roe  is  a  prefactor  for 

evaporation  and  Egyap  is  the  activation  energy  of  the  atom  in  the  site  i. 

Migration  rates  are  taken  to  be  in  an  Arrhenius  form  as  well: 

Rd  ^  Rod  exp[-(E{ot  -  A)  /  EbT]  (2) 

where  Rod  is  a  prefactor;  E\q^  is  the  total  energy  at  site  i;  A  is  a  parameter  which  is 

related  to  the  energy  adjustment  for  a  particular  migration  process  and  ( Ejg^-A)  is  the 
activation  barrier  for  migrations.  Since  nitrogen  atoms  have  very  high  probability  of 
migration,  the  limiting  kinetics  controlling  the  growth  are  the  cation(gallium)  surface 
kinetics;  a  more  detailed  discussion  about  this  will  follow  later  on  in  this  section. 
Migration  rates  were  therefore  considered  only  for  Ga  .  Four  migration  processes  were 
considered:  (a)  hopping  on  the  same  surface  layer  in  a  direction  which  is  defined  by  the 
intercept  of  the  surface  and  orbital  planes  ;  (b)  hopping  on  the  same  surface  layer  in  a 
direction  which  is  perpendicular  to  the  intercept  line  of  the  surface  and  orbital  planes;  (c) 
hopping  to  the  lower  layer;  (d)  hopping  to  the  upper  layer.  The  energy  barrier  for 
hopping  to  occur  by  mechanism  (a)  is  equal  to  breaking  half  of  its  bonds  with  the  atoms 
in  the  layers  below  it.  The  energy  barrier  for  process  (b)  is  equal  to  breaking  6  out  of  the 
8  existing  bonds  in  case  of  a  kink  site.  In  general,  the  energy  barriers  depend  on  the 
number  of  neighbors  that  each  atom  has.  Figure  2  shows  intralayer  hopping,  where  E||  is 
the  energy  adjustment  for  intralayer  hopping. 

Since  the  nitrogen  evaporation  rate  is  extremely  high,  particularly  at  the  high 
temperature  usually  required  for  growth,  the  residence  time  of  a  nitrogen  atom  is  much 
smaller  than  that  of  Ga[6].  Furthermore,  experimental  evidence  from  growth  of  GaN 
indicates  that  the  sticking  coefficient  of  Ga  is  small  (0.25)  but  not  zero  ,  and  any  attempt 
to  increase  the  Ga  flux  leads  to  a  Ga  rich  film[7].  An  important  point  that  emerges  from 
these  results  is  that  the  growing  surface  of  GaN  may  very  likely  be  cation-stabilized.  This 
would  then  result  in  non-stoichiometric  GaN  film  which  could  account  for  the  often 
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FIG  2  Hopping  in  the  same  layer  (E||  is  the  activation  barrier) 


observed  high  unintended  carrier  concentrations.  Furthermore,  the  incorporation  of  Ga 
appears  to  be  limited  by  the  supply  of  nitrogen  radicals  at  the  growth  surface.  It  could 
consequently  be  expected  that  the  incorporation  of  Ga  and  N  are  related.  Accordingly,  a 
tentative  model  for  N  incorporation  could  be  drawn  and  is  discussed  below. 

When  the  nitrogen  atom  impinges,  it  could  reach  thermodynamic  equilibrium  with 
the  surface  in  a  short  time.  During  the  residence  time  of  the  absorbed  nitrogen  atom,  only 
if  at  the  same  time  a  Ga  atom  comes  to  its  top,  and  forms  a  bond  which  "traps"  the 
nitrogen  atom,  the  nitrogen  atom  would  be  incorporated;  otherwise  the  nitrogen  atom 
would  re-evaporate  very  rapidly.  As  a  result,  a  tetrahedral  binding  structure  will  be 
formed  in  the  [100]  direction,  where  each  Ga  traps  two  nitrogen  atoms.  Another 
possibility  would  of  course  be  N  incorporation  by  the  formation  of  surface  N-N  bonds. 
These  are,  however,  much  weaker  than  the  Ga-N  bonds  and  it  is  therefore  the  latter  that 
are  favored.  Overall,  we  can  consequently  visualize  this  as  a  process  where  Ga  keeps  the 
N  down  on  the  surface. 

Let  us  next  examine  the  incorporation  probability  of  nitrogen  since  it  is  crucial  for 
increasing  the  efficiency  of  GaN  growth  simulation.  The  residence  time  of  impinging 
nitrogen  atoms  is  inversely  proportional  to  the  evaporation  rate.  The  higher  the 
evaporation  rate,  the  shorter  the  residence  time,  and  the  smaller  the  probability  that  a 
nitrogen  atom  would  be  trapped.  In  addition,  the  more  nitrogen  atoms  impinge,  the  higher 
are  the  chances  for  the  nitrogen  atoms  to  meet  gallium  atoms,  and  consequently  the 
probability  that  they  could  be  trapped  by  gallium  atoms  increases.  The  inco^oration  of 
nitrogen  can  consequently  be  described  by  a  surface  site  occupation  probability  function 
P]S[(Etot).  It  will  depend  on  both  the  site  residence  time  and  the  available  flux.  For  each 
of  the  growing  sites  i,  this  is  defined  through  thermodynamics  by: 

PN(Etot)  =  JN/Re(Etot)  (3) 

where  Jn  is  the  nitrogen  flux,  and  Re(Etot)  is  the  evaporation  rate  for  the  site  with 
energy  Etot-  For  the  site  under  question  for  which  the  probability  of  N  incorporation  is 
evaluated,  a  random  number  is  generated.  This  is  then  used  to  describe  whether  or  not 
the  N  atom  is  incorporated  during  the  chemisorption  of  a  Ga  atom;  N  was  considered  to 
be  incorporated  only  if  Pn  was  larger  than  the  randomly  generated  number. 

Ga  incorporation  depends  on  the  availability  of  two  nitrogen  atoms  on  the  surface. 
The  formation  of  two  bonds  between  the  Ga  and  the  two  N  atoms  ensures  Ga 
incorporation.  Thus  incorporation  is  limited  by  the  supply  of  nitrogen  radicals  at  the 
grown  surface.  The  nitrogen  incorporation  probability  function  was  thus  used  to  evaluate 
the  Ga  incorporation. 

The  above  probability  function  was  also  used  to  evaluate  Ga  migration.  Since  Ga 
forms  two  bonds  with  the  N  atoms  of  the  layer  below  it,  migration  of  Ga  requires  that  two 
such  bonds  are  available  at  the  site  which  it  will  move  to.  To  estimate  this  availability 
we  employed  the  probability  function  of  Eq.3. 

Based  on  the  above  considerations,  a  special  Monte  Carlo  simulation  was  carried 
out.  A  30x30  site  area  with  periodic  boundary  condition  is  chosen  for  the  simulation  and 
the  results  obtained  are  discussed  in  the  following  section.  The  computing  time  depends 
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on  the  substrate  temperature  chosen  for  the 
simulation. 


3  Results 
Discussion 


of  growth  simulation  and 


3.1  The  impact  of  N/Ga  flux  ratio  on 
growth  rate 


the 


FIG  3  Growth  rate  vs.  V/III  ratio  (Ga  flux=0.6/s) 


First,  the  relation  between  the  growth  rate 
and  V/III  ratio,  as  well  as,  the  substrate 
temperature  was  evaluated.  Fig. 3  showsthat 
the  growth  rate  increases  with  the  V/III 
ratio, reaching  a  saturation  valuewhich  is 
determined  by  the  Ga  flux  (not  shown 
inFig.)  and  is  independent  of  temperature. 

The  V/III  ratio  at  which  this  saturation  value  is  reached  is  determined  by  the  substrate 
temperature.  Furthermore,  since  the  growth  rate  is  determined  by  the  Ga  flux,  an  increase 
of  V/III  ratio  is  accompanied  by  an  enhancement  in  the  Ga  incorporation.  It  also  shows 
front  that  a  critical  V/III  ratio  is  required  at  each  growth  temperature  for  the  growth  rate 
to  become  significant. 


3.2  The  impact  of  the  substrate  temperature  on  the  growth  front 

Figs.4  a  and  b,  show  the  plots  of  [nth  layer  coverage(dqn)]/[total  coverage(dqtot)]  as  a 
function  of  growth  time  for  constant  Ga  flux  of  0.616/s.  Here,  qn  is  the  number  of  atoms 
contained  in  the  n-th  layer.  Similarly,  qtot  is  the  number  of  atoms  contained  in  all  the 
grown  layers;  this  refers  to  all  layers  completed  and  uncompleted  from  the  point  of  view 
of  growth.  Thus,  dqn/dqtot  represents  the  ratio  of  the  additional  incorporated  atoms  in  the 
n-th  layer  with  respect  to  the  total  incorporated  atoms  within  a  time  interval  dt.  The 
significance  of  the  dqn/dqtot  ratio  is  in  fact  very  similar  to  that  obtained  from  RHEED 
oscillations.  "Smooth"  growth  takes  place  when  layer-by-layer  growth  occurs.  In  case  of 
true  layer-by-layer  growth,  the  growth  front  depicted  in  Fig.4  should  show  no  overlap 
between  successive  layers  n.  It  is  obvious  that  the  largerthe  overlap,  the  rougher  the 
growth  front  is  and  that  eventually  at  extreme  cases  a  three-dimensional  front  will  be 
observed.  As  one  can  see,  at  a  given  V/III  flux  ratio,  and  gallium  flux,  the  growth 
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FIG  4  Ratio  of  nth  layer  coverage  over  total  coverage  vs  growth  temperature  a(T=400°C,  V/III=1 0.  Ga 
flux=0.61/s);b(T=500»C,  V/11I=10.  Ga  flux=0.61/s) 
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is  better  at  higher  temperatures  where  surface  migration  is  high.  Surface  atoms  move  in 
this  case  rapidly  to  kink  sites  and  edge  stepsand  growth  takes  place  by  a  layer-by-layer 
mechanism.  The  accompanying  increased  evaporation  rate  of  Ga  at  high  temperatures 
does  not  in  this  case  play  an  important  role  since  migration  is  the  dominant  mechanism. 
In  other  words,  the  high  surface  migration  occurring  at  elevated  temperatures  improves 
the  quality  of  the  growth  front.  However,  as  the  temperature  increases,  the  growth  rate 
decreases  rapidly.  Furthermore,  as  the  temperature  goes  beyond  certain  point,  entropy 
controlled  effects  will  cause  a  poor  quality  of  film  due  to  high  defect  densities.  From  this 
point  of  view,  one  can  say  that  there  is  a  temperature  "window"  in  which  a  good  growth 
front  can  be  obtained  with  reasonably  high  growth  rates. 

3J  The  impact  ofV/III  flux  ratio  on  the  growth  front: 

For  the  study  of  the  impact  of  V/III  flux  ratio  on  the  growth  front,  the  growth  temperature 
was  kept  constant,  and  the  Ga  flux  was  kept  at  0.6/sec.  The  contours  are  shown  in  Fig. 5  ,a 
and  b,  respectively  for  V/III=  1,000  and  V/III=  10,000.  As  one  sees,  the  growth  front 
becomes  rougher  at  high  V/III  ratios.  The  growth  front  of  the  V/III=1000  case 
corresponds  to  3  MLs,  a  situation  which  is  close  to  a  layer-by-layer  growth  mechanism. 
When  the  V/III  ratio  increases  to  say  10,000,  the  growth  front  corresponds  to  6  MLs.  The 
growth  rate  is  about  2  seconds  per  monolayer  for  the  V/III=  10000  case,  and  becomes  5 
seconds  per  monolayer  for  the  V/III=1000  case.  A  low  V/III  ratio  corresponds  to  a  good 
growth  front.  However,  if  the  V/III  ratio  is  too  low,  the  growth  rate  becomes  too  low  for 
practical  applications.  The  larger  growth  rate  at  high  V/III  ratios  can  be  understood  by  the 
model  described  in  Sec.  II.  One  could  see  in  that  section  that  an  increase  of  group  V 
atoms  increases  the  probability  of  nitrogen  to  meet  gallium  atoms  and  be  trapped  by 
them.  The  degradation  of  growth  front  at  high  V/III  ratios  can  be  explained  as  follows.  As 
we  have  seen,  the  increasing  of  V/III  ratio  results  in  increased  incorporation  of  gallium 
and  nitrogen. 

(a)  (b) 


FIG  5  Growth  front  contours [T=600°C]:  (a)  V/III=1,000;  (b)  V/III=10,000;  The  legend  on  the  botttom 
gives  the  number  of  surface  monolayers. 
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In  this  condition,  the  growth  may  happen  at  free  sites,  which  leads  to  forming  island 
structures.  As  a  result,  the  growth  becomes  3-D  and  the  growth  front  becomes  rougher. 

3 A  The  impact  of  Ga  and  N  flux  on  the  growth  rate  and  the  roughness  of  the  growth 
front 

Simulations  of  the  dependence  of  growth  rate  on  Ga  flux  were  made  at  a  constant 
temperature  of  600°C.  The  results  show  that  the  growth  rate  is  dependent  on  the  Ga  flux. 
As  the  Ga  flux  increases  the  growth  rate  increases.  However,  as  the  Ga  flux  increases,  the 
growth  front  becomes  rougher.  This  indicates  that  as  the  gallium  incorporation  increases, 
3-D  growth  starts  taking  place. 

The  impact  of  N  flux  was  finally  discussed  in  section  3.3  where  the  role  of  V/III 
ratio  was  examined.  The  results  indicate  that  for  given  Ga  flux,  the  higher  the  N  flux  is, 
the  rougher  the  growth  front. 

4  Conclusions 

The  growth  processes  of  GaN  were  simulated  by  Monte  Carlo  approaches.  The  growth 
rate  and  the  quality  of  the  growth  front  are  determined  by  the  substrate  temperature,  Ga 
flux,  and  V/III  ratio.  At  a  given  temperature  and  V/III  ratio,  the  lower  the  Ga  flux,  the 
better  the  growth  front.  At  a  given  temperature,  the  lower  the  V/III  ratio,  the  better  the 
growth  front,  but  the  lower  the  growth  rate.  There  is  a  temperature  "window"  in  which  a 
good  growth  front  can  be  obtained  with  reasonably  high  growth  rates.  As-grown  GaN 
may  be  associated  with  a  cation  stabilized  surface.  This  could  account  for  the  high 
intrinsic  carrier  concentration  often  observed  in  this  material.  Experimental  verification 
of  the  suggested  Ga-stabilized  surface  conditions  would  shed  the  light  on  the  growth 
mechanisms  of  GaN. 
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InAs  epitaxial  nanocrystal  growth  on  Se-terminated  GaAs(OOl) 
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ABSTRACT:  We  studied  InAs  epitaxial  growth  by  molecular  beam  epitaxy  on  a 
Se-terminated  GaAs  surface  as  well  as  on  an  As-stabilized  GaAs  surface  by  in  situ 
synchrotron  radiation  photoelectron  spectroscopy  (SRPES),  in  situ  reflection 
high-energy  electron  diffraction,  high-resolution  scanning  electron  microscopy, 
and  cross-sectional  transmission  electron  microscopy  to  evaluate  the  electronic 
and  structural  properties  of  the  InAs  epitaxial  nanocrystals.  While  an  InAs  layer 
grew  on  the  As-stabilized  GaAs  substrate  in  the  Stranski-Krastanov  growth  mode, 
InAs  nanocrystal  islands  formed  on  the  Se-terminated  GaAs  surfaces  at  the  very 
early  growth  stages.  InAs  nanocrystals  with  a  lateral  width  of  about  70-80  nm,  a 
density  of  about  2x10^  cm'^,  and  a  height  of  about  20  nm  were  reproducibly 
grown  on  Se-terminated  GaAs.  The  SRPES  deconvoluted  results  indicate  that 
although  band  bending  is  reduced  by  the  Se  treatment,  it  reappears  at  the 
heterointerface  between  InAs  nanocrystals  and  the  Se-treated  GaAs  surface  during 
InAs  deposition  due  to  the  lattice  mismatch. 


1.  INTRODUCTION 

Semiconductor  nanocrystals  grown  on  semiconducting  substrates  are  expected  to  exhibit 
quasi-zero-dimensional  quantum  effects,  and  are  attractive  materials  for  advanced 
optoelectronic  devices  such  as  extremely  efficient  semiconductor  lasers.  There  have  been 
several  reports  on  fabricating  this  type  of  nanocrystal  without  using  photolithography,  dry 
etching  and  regrowth.  These  methods  involve  growing  fractional  monolayers  on  tilted 
substrates  (Brandt  et  al  1991),  growing  a  lattice-mismatched  epilayer  by  hydride  vapor  phase 
epitaxy  (Ahopelto  et  al  1992),  by  molecular  beam  epitaxy  (MBE)  (Leonard  et  al  1993),  or  by 
metalorganic  chemical  vapor  deposition  (Notzel  et  al  1994),  and  growing  lattice-matched 
GaAs  microcrystals  on  sulfur-terminated  AlGaAs  by  utilizing  droplet  formation  with 
sequentially  supplied  Ga  and  As  molecular  beams,  that  is,  a  migration-enhanced  epitaxy 
(MEE)  mode  (Koguchi  et  al  1991).  We  have  recently  demonstrated  the  inertness  of  Se- 
terminated  GaAs  surfaces  against  impinging  Sb  atoms  at  more  than  200°C  by  using  in  situ 
synchrotron  radiation  photoelectron  spectroscopy  (SRPES)  and  reported  evidence  for  a  two- 
dimensional  arrangement  of  InSb  nanocrystals  on  a  Se-terminated,  terraced  GaAs  substrate  by 
using  a  conventional  MBE  growth  mode  (Watanabe  et  al  1994a).  Furthermore,  the  results  of 
in  situ  SRPES  showed  that  the  MBE-grown  InSb  nanocrystals  are  stoichiometric,  whereas 
MEE-grown  ones  are  not  (Watanabe  et  al  1994b). 

In  this  work,  we  studied  InAs  epitaxial  growth  by  MBE  on  a  Se-terminated  GaAs  surface  as 
well  as  on  an  As-stabilized  GaAs  surface  by  in  situ  SRPES,  in  situ  reflection  high-energy 
electron  diffraction  (RHEED),  high-resolution  scanning  electron  microscopy  (HRSEM),  and 
cross-sectional  transmission  electron  microscopy  (XTEM)  to  evaluate  the  electronic  and 
structural  properties  of  the  InAs  epitaxial  nanocrystals.  Furthermore,  InSb  growth  was 
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examined  for  reference  by  in  situ  SRPES  because,  in  this  heterostructure  system,  where  the 
group-III  and  -V  atoms  are  different  from  the  atoms  of  the  substrate  materials,  the  chemical 
states  of  the  InSb  epitaxial  crystals  can  be  selectively  evaluated  from  the  SRPES  spectra. 


2.  EXPERIMENTAL 

The  MBE  growth  and  Se-treatment  were  performed  in  a  growth  chamber,  and  the  in  situ 
SRPES  was  performed  in  an  analysis  chamber  located  at  beamline  BL-IA  in  the  Photon 
Factory  at  the  National  Laboratory  for  High  Energy  Physics.  The  two  chambers  were 
connected  to  each  other  through  an  ultra-high  vacuum.  The  samples  used  here  were  Si-doped 
n-type  GaAs(OOl)  wafers  with  a  carrier  density  of  1x10^^  cm'^.  The  sample  chemical 
treatment,  surface  cleaning,  GaAs  buffer-layer  growth,  and  Se  treatment  were  previously 
described  in  detail  (Watanabe  et  al  1993).  Two  kinds  of  samples  were  prepared  by  (i) 
depositing  nominally  3-ML-thick  InAs  on  As-stabilized  GaAs  at  200°C  by  MBE,  and  (ii) 
depositing  nominally  3-ML-thick  InAs  on  Se-terminated  GaAs  at  200°C  by  MBE.  A  fine 
streaky,  As-stabilized  2x4  RHEED  pattern  was  observed  after  GaAs  epitaxial  buffer  layer 
growth.  After  the  Se  treatment,  the  surface  structure  changed  to  show  a  2x1  RHEED  pattern, 
which  implies  a  Se-terminated  GaAs  surface  (Scimeca  et  al  1992). 

The  synchrotron  radiation  photon  energy  was  set  at  90.0  eV  to  obtain  surface-sensitive 
information  about  the  Se  3d,  As  3d,  Sb  M,  Ga  3d,  and  In  Ad  core  levels.  The  advantages  of 
using  synchrotron  radiation  over  conventional  x-ray  photoelectron  spectroscopy  to  analyze  In 
chemical  states  are  that  the  In  Ad  photoionization  cross  section  increases  by  over  a  factor  of 

100  as  the  incident  photon  energy  is  changed  from  1486.6^eV  (Al  Ka)  to  90.0  eV  and  that  the 
electron  mean  free  path  decreases  from  about  20  to  5  A.  In  addition  to  providing  greater 
overall  sensitivity  as  well  as  greater  surface  sensitivity,  the  synchrotron  radiation  is  a  bright 
source  providing  a  photon  flux  of  about  10^^  to  10^  1  photons/s.  Total  energy  resolution  was 
determined  to  be  about  0.3  eV  from  the  observed  broadening  of  the  Au  Fermi  edge. 


[110]  [110] 


(a)  InAs  on  Se/GaAs 


Fig.  2  HRS  EM  photograph 
Fig.  1  RHEED  patterns  for  the  InAs-grown  samples  for  the  InAs-grown  sample  on 
on  GaAs  with  and  without  Se  treatment.  Se-terminated  GaAs. 
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3.  RESULTS  AND  DISCUSSION 

In  order  to  clarify  the  difference  in  the  InAs  epitaxial  growth  modes  between  the  Se- 
terminated  GaAs  surface  and  As-stabilized  one,  their  RHEED  patterns  were  compared.  Figure 
1  shows  the  RHEED  patterns  for  both  samples.  Even  after  InAs  growth  on  the  Se-terminated 
GaAs  surface  at  200°C  with  a  nominal  thickness  of  3  ML,  the  half-order  streak  pattern  along 

[110]  can  still  be  observed,  accompanied  by  new  strong  streak  patterns  along  [111]  and 
[iTl],  whereas  the  [TlO]  RHEED  pattern  shows  only  a  spotty  feature,  indicating  that  the 

surface  morphology  has  an  asymmetric  feature  with  (111)  and  (11 1)  facets,  and  that  crystal 
islanding  takes  place.  These  results  provide  evidence  of  the  formation  of  InAs  nanocrystals  on 
Se-terminated  GaAs  at  the  very  early  growth  stages.  In  contrast,  when  the  As-stabilized  GaAs 

substrate  was  used,  spotty  patterns  along  [110]  and  [110]  were  observed,  suggesting  that  an 
InAs  layer  grows  on  the  As-stabilized  GaAs  surface  in  the  Stranski-Krastanov  growth  mode 
(Munekata  et  al  1987^  InAs  nanocrystal  formation  on  Se-terminated  GaAs  is  confirmed  by 
HRSEM  micrographs  and  XTEM  images.  Figure  2  shows  the  HRSEM  micrograph  for  the 
InAs-grown  sample  on  the  Se-terminated  GaAs  substrate.  Many  rectangular-shaped  InAs 
islands  with  a  lateral  width  of  70-80  nm  can  be  seen  and  the  density  is  estimated  to  be  about 
2x1 09  cm-2.  XTEM  images  (figure  3)  indicate  that  these  InAs  nanocrystals  have  a  smooth 
terrace  with  a  height  estimated  to  be  about  20  nm. 
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Fig.  3  XTEM  image  for  the  InAs-grown  sample  on  Se-terminated  GaAs. 
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Fig.  4  Core-level  SRPES  spectra  for  the  InAs-grown  samples  on  GaAs  with  and  without  Se 
treatment. 
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In  order  to  examine  the  electronic 
properties  of  the  InAs  nanocrystals 
on  the  Se-terminated  GaAs  surface 
as  well  as  those  of  the  InAs  layer  on 
the  As-stabilized  one,  the  core-level 
SRPES  spectra  were  measured. 
Figure  4  shows  the  core-level 
SRPES  spectra  for  both  samples, 
where  the  intensities  are  normalized 
by  the  synchrotron  radiation  ring 
current.  For  the  sample  without  Se 
treatment,  the  peak  intensity  of  In 
Ad  is  stronger  than  that  of  Ga  M, 
whereas  for  the  Se-treated  sample 
the  peak  intensity  of  In  Ad  is  very 
weak.  This  difference  in  the  ratios 
of  Ga  'id  and  In  Ad  is  also  observed 
with  InSb  growth,  as  shown  in 
figure  5.  These  results  are  consistent 
with  InAs  or  InSb  island  formation 
on  the  Se-terminated  GaAs  surface, 
by  considering  that  the  height  of 
InAs  or  InSb  islands  is  larger  than 
the  photoelectron  mean  free  path  of 
In  Ad  SRPES  photoelectrons,  which 
is  estimated  to  be  about  5  A.  Thus, 
these  comparative  results  support 
the  interpretation  that,  while  an 
InAs  layer  grows  on  the  As- 
stabilized  GaAs  substrate  in  the 
Stranski-Krastanov  growth  mode, 
InAs  islands  form  on  the  Se- 
terminated  GaAs  surfaces  at  the 
very  early  growth  stages. 

From  the  results  in  figure  4,  we 
obtained  deconvoluted  results  for 
the  Ga  id  and  In  Ad  core-level 
SRPES  spectra.  These  are  shown  in 
figure  6.  There  are  two  peaks  in  the 
In  Ad  spectrum  for  the  Se-treated 
sample,  which  are  assigned  as  the 
In-Se  bonding  states  and  the  In-As 
bonding  states.  The  In-Se  bonding 
states  also  exist  for  the  sample 
without  Se  treatment.  This  is 
because  Se  treatment  and  MBE 
growth  were  performed  in  the  same 
chamber,  so  Se-contamination  could 
not  be  avoided.  Indeed,  a  very 
small,  broad  peak  in  the  Se  id 
spectrum  at  a  kinetic  energy  of 
around  35  eV  can  be  seen  in  figure 
4  for  the  sample  without  Se 
treatment.  To  evaluate  the  validity 
of  this  assignment,  we  simulated 
these  peak  intensities.  Figure  7 
shows  a  model  for  this  calculation. 


Fig.  5  Core-level  SRPES  spectra  for  tlie  InSb-grown 
samples  on  GaAs  with  and  without  Se  treatment. 


Fig.  6  Ga  3r/and  In  Ad  spectra  with  the  deconvoluted 
results  for  the  InAs-grown  samples  on  GaAs  witli  and 
without  Se  treatment. 
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Since  the  height  of  InAs  islands  is 
larger  than  the  photoelectron  mean 
free  path,  we  assumed  that  the 
photoelectrons  from  the  In  Ad  core¬ 
level  assigned  as  the  In-Se  bonding 
states  come  from  the  InAs- 
uncovered  region.  The  peak 
intensities  in  In  4d  caused  by  the  In¬ 
As  bonding  states  and  In-Se  ones, 
IlnAs  and  IlnSe»  are  expressed  by 
the  following  equations, 


f^inAs 


IlnAs  -axjexp(-z/?i)dz,{1) 


Fig.  7  Model  for  the  In  4d  peak  intensity  calculation. 


Here  a,  dinAs»  djnSe^  and  X  are  the  lateral  area  percentage  of  InAs  islands,  the  height  of  the 
InAs  islands,  the  effective  thickness  of  the  InSe  bonding  states,  and  the  photoelectron  mean 
free  path,  respectively,  where  the  values  of  a  and  dinAs  are  estimated  from  the  results  of 
HRSEM  and  XTEM  observations.  The  experimental  value  of  the  ratio  of  IlnAs  to  IlnSe  is 
0.69.  On  the  other  hand,  the  calculated  value  of  this  ratio  is  0.67  if  we  assume  that  dinSe  is 
0.9  A,  which  means  that  the  reconstructed  2x1  Se-terminated  surface  partially  changes  to  a 
1x1  surface  due  to  the  In-Se  bonding.  Indeed,  a  slight  2x1  RHEED  pattern  can  be  seen  even 
after  InAs  deposition  as  shown  in  figure  1.  This  calculation  result  supports  the  validity  of  the 
assignment.  It  is  noted  that  the  Ga  3d  peak  position  shifts  to  the  higher  binding  energy  side, 
which  is  induced  by  Se  treatment  (Simeca  et  al  1992).  On  the  other  hand,  no  shift  occurs  in 
the  In  Ad  peak  position.  This  behavior  can  be  explained  by  using  the  energy  band  diagrams  as 
shown  in  figure  8.  For  the  Se-treated  sample,  the  Ga  3d  spectrum  comprises  photoelectrons 
coming  from  the  non-InAs-covered  substrate  surface  area.  Thus,  the  Ga  3d  peak  shift  can  be 
observed  accompanied  by  a  reduction  of  band  bending  due  to  Se  treatment.  However,  no 
change  in  the  In  Ad  peak  occurred.  Therefore,  band  bending  takes  place  again  during  InAs 
deposition,  as  a  result  of  the  residual  strain  and/or  generation  of  dislocation  at  the 
heterointerface  due  to  the  lattice  mismatch  between  InAs  and  GaAs. 


4.  CONCLUSION 

We  have  shown  InAs  nanocrystal  formation  on  a  Se-terminated  GaAs  surface  compared  with 
using  an  As-stabilized  GaAs  substrate  and  with  InSb  nanocrystal  formation  by  using  SRPES, 
RHEED,  HRSEM,  and  XTEM.  While  an  InAs  layer  grows  on  the  As-stabilized  GaAs 
substrate  in  the  Stranski-Krastanov  growth  mode,  InAs  islands  form  on  the  Se-terminated 
GaAs  surfaces  at  the  very  early  growth  stages.  InAs  nanocrystals  with  a  lateral  width  of  about 
70-80  nm,  a  density  of  about  2x10^  cm'^  and  a  height  of  about  20  nm  are  reproducibly 
grown  on  Se-terminated  GaAs.  The  SRPES  deconvoluted  results  indicate  that,  although  band 
bending  is  reduced  by  Se  treatment,  it  reoccurs  at  the  heterointerface  between  InAs 
nanocrystals  and  the  Se-treated  GaAs  surface  during  InAs  deposition,  as  a  result  of  the 
residual  strain  and/or  generation  of  dislocations  at  the  heterointerface  due  to  the  lattice 
mismatch. 
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Fig.  8  Schematic  energy  band  diagrams  at  the  heterointerfaces  for  the  InAs-grown  samples  on 
GaAs  with  and  without  Se  treatment. 
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Artificial  control  of  heterojunction  band 
discontinuities  by  two  delta  dopings 
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Abstract.  The  energy  band  diagram  at  a  heterojunction  is  controlled  by  p-  and 
n-type  6-dopings  inserted  very  near  the  junction.  GaAs/AlAs  heterojunctions 
with  two  Si  5-dopings  grown  by  molecular  beam  epitaxy  were  studied  by  in  situ 
x-ray  photoemission  spectroscopy.  When  the  Si  5-doping  layers  are  inserted,  the 
energy  difference  between  Ga  3d  and  A1  2p  levels  increases  by  0.5  eV  indicating 
that  the  valence  band  discontinuity  is  enlarged  by  0.7  eV. 


1,  Introduction 

Artificial  control  of  heterojunction  band  discontinuity  is  an  innovative  tech¬ 
nique  which  gives  more  freedoms  in  designing  heterostructure  devices  such 
as  high  electron  mobility  transistors,  semiconductor  lasers,  and  resonant 
tunneling  devices  [1-5].  Roles  of  a  Si  layer  inserted  at  a  GaAs/AlAs  hetero¬ 
interface  has  been  studied  as  a  candidate  to  realize  the  control  of  band 
discontinuities  [1-4].  However,  we  have  found  that  one  has  to  precisely 
control  the  atomic  sites  of  the  inserted  Si  atoms  to  achieve  a  control  of  hetero¬ 
junction  band  discontinuities  by  a  Si  insertion  layer  at  a  GaAs/AlAs  hetero¬ 
interface  [1-2].  This  is  very  difficult  under  the  present  experimental 
conditions  [6]. 

When  one  inserts  a  p-type  layer  and  an  /i-type  layer  at  both  sides  of  the 
interface,  a  dipole  is  formed  between  the  doped  layers  to  vary  the  band 
diagram  [5].  A  combination  of  p-  and  ?i-type  doping  sheets  inserted  at  a 
heterojunction  sets  an  artificial  interface  dipole  between  the  two  doping 
sheets.  When  the  spacing  between  the  two  layers  is  very  thin,  the  effects  of 
the  doping  sheets  on  the  electron  and/or  hole  conduction  are  modified  as  if  the 
band  discontinuities  are  controlled. 

Figure  1  shows  an  energy  band  diagram  at  a  GaAs/AlAs  interface  with 
p-  and  7i-type  Si  6-dopings.  The  spacing  between  the  p-  and  n-type  layers 
should  be  as  thin  as  a  few  nanometers,  which  electrons  transmit  through  the 
tunneling.  To  effectively  control  the  band  discontinuities,  a  high  doping  den¬ 
sity  (~10  cm“^)  and  a  good  confinement  of  dopants  (-a  few  nm)  are  needed. 

Moreover  one  has  to  balance  the  p-  and  7i-type  doping  density  so  as  to  confine 
the  band  bending  in  the  thin  layer  between  the  doping  sheets.  Then,  the 
band  diagram  is  modified  as  shown  in  Fig.  1.  AE^(o)  is  the  intrinsic  valence 
band  discontinuity.  (effective)  shows  the  effective  valence  band  disconti¬ 
nuity,  which  governs  the  hole  transmission. 
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Table  I  summarizes  the  above 
two  methods  to  control  band  discon¬ 
tinuities  and  their  crucial  points.  To 
control  the  energy  band  diagram 
with  use  of  a  Si  insertion  layer  at  a 
GaAs/AlAs  heterointerface,  one  must 
place  Si  atoms  at  a  Ga  site  and  the 
next  As  site  as  shown  by  (a). 
However,  the  Si  atoms  tend  to  spread 
over  3  atomic  layers  or  more  as 
shown  in  (b)  [6].  Then,  the  band 
discontinuities  are  not  effectively 
controlled  [1].  It  is  rather  easier  to 
use  the  two  5-dopings  to  control  the 
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FIG.  1.  An  energy  band  diagram  at  a 
GaAs/AlAs  interface  with  p-  and  n-type  Si  6- 
dopings.  A  @  (  ©  )  symbol  indicates  Si  donors 
(acceptors). 


band  discontinuities. 

In  this  work,  we  report  the  variation  in  the  energy  band  diagram  at  a 
GaAs/AlAs  heterointerface  with  p-  and  n-  type  Si  5-dopings  grown  by  molecu¬ 
lar  beam  epitaxy  (MBE)  and  characterized  by  in  situ  x-ray  photoemission 
spectroscopy  (XPS).  It  will  be  shown  that  we  can  successfully  control  the 
band  diagram  and  increase  the  valence  band  discontinuity  by  0.7  eV. 


TABLE  I.  A  comparison  of  methods  proposed^tg^gntrojjietero|unctionban4.discon^ 

_ Idea _ Single  layer  insertion _ Two  5-doping  sheets _ 


Crucial  points 


Ga  site  Si  As  site  Si 
AEy  change  =  1.59  eV 
(theory) 


Si  occupied  sites  must  be 
legends  precisely  controlled. 


Spacing  between  5-dopings 


n-type  5-doping 


p-type  5-doping 


Q  Si 

o 

O  As 


Ga  site  Si  As  site  Si 
AEy  change  =  -0.22  eV 
(theory) 


(1)  Effective  5-dopings  have 
been  realized. 

(2)  The  Si  occupied  sites  is 
well  controlled  by  the  growth 
parameters. 

(3)  A  spacing  between  5- 
dopings  can  be  lowered  to  be 
a  few  nanometers. 


When  the  Si  atoms  distribute 
over  three  layers,  the  interface 
_ dipole  is  not  effectively  formed. 

Annlicabilitv  Poor 


Good 
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Further,  we  confine  the  interface  dipole  due  to  the  Si  5-dopings  within  50  A, 
which  is  much  thinner  than  in  the  samples  studied  by  Capasso  et  al.  [5]  and 
enables  us  to  set  an  abrupt  change  in  the  band  diagram. 

2,  Application  to  GaAs/AlAs  (311)A  system 

GaAs  (311)A  is  an  attractive  surface  on  which  we  can  grow  a  p-type  GaAs 
layer  doped  with  Si  by  MBE.  Recently,  we  have  found  that  the  conduction 
type  of  a  Si-doped  MBE-grown  GaAs  (311)A  sample  can  be  controlled  by  the 
growth  temperature,  i.e.  the  Si  5-doping  sheet  is  7i-type  when  Tg  <  480  °C 
and  it  is  p-type  when  Tg  >  480  '‘C  [7].  This  fact  indicates  that  both  p-  and  n- 
type  doping  sheets  can  be  formed  using  only  Si  as  a  dopant.  We  use  a 
GaAs/AlAs  (311)A  structure  to  realize  a  control  of  the  energy  band  disconti¬ 
nuities  [8].  Further,  this  structure  has  the  following  two  advantages.  (1)  Si 
is  a  stable  and  reliable  dopant.  (2)  When  one  inserts  only  Si,  the  Si  segrega¬ 
tion  effect  is  mostly  canceled,  because  we  can  control  the  doping  type  by  Tg 
including  segregation  and/or  diffusion  species. 

3.  Samples  and  XPS  measurements 


XPS  measurements  were  performed  on  the  following  GaAs/AlAs  structures 
including  the  Si  5-dopings.  Each  of  the  samples  consists  of  a  GaAs  buffer 
layer,  a  p-type  Si  8-doping  layer  (0.05  ML-thick),  a  GaAs  layer  (25  A),  an  AlAs 
layer  (25  A),  an  n-type  Si  5-doping  layer  (0.1  ML-thick),  and  an  AlAs  layer  (/  = 
30-60  A)  successively  grown  on  an  n-type  GaAs  (311)A  substrate.  The 
growth  temperature  was  600  °C  for  the  GaAs,  bottom  Si  layer  and  AlAs 
intermediate  layer  and  400  °C  for  the  top  Si  layer  and  the  top  AlAs  layer. 

A  sample  was  studied  by  in  situ  XPS  immediately  after  the  growth. 
Energy  regions  which  cover  the  Ga  Sd  and  Al  2p  levels  were  scanned  for  1~3 
days.  From  each  of  the  Ga  3d  spectra  a  background  signal  due  to  the  AlAs 
layer  was  subtracted  by  using  a  spectrum  from  bulk  AlAs  [9]. 

Table  II  summarizes  the  measured  energy  difference,  AE^l,  between  the 
Ga  3d  and  Al  2p  levels.  AEqj^  increases  by  0.5  eV  when  the  Si  5- dopings  are 
inserted.  This  change  shows  that  the  energy  band  diagram  is  controlled. 


TABLE  II.  Measured 


Sample  I 
(jt  =  30  A) 


energy  differences  (in  eV). 
AW 

^CL  fwHM 
54.86  1.03 


Ga  3d 
FWHM 


1.22 


AEy(effective) 


1.18 


Ebb 


0.23 


54.69  1.02  1.07^  1.18  0.46 

AlAs/GaAs*"  54.38  0.97  1.03  0.44  0.00 

AlAs/Si/GaAs^  54.0  1.2  1.03  0.44  0.7 

^  An  ambiguity  of  the  line  width  is  due  to  the  large  background  signal  from  the  85  A-thick 
l^lAs  overgrown  layer. 

Reference  [10].  values  are  updated.  Since  the  electron  spectrometer  has  changed  its 

gain  function,  54.41  eV  in  Ref  [10]  is  converted  to  be  54.38  eV  in  the  present  experimental 
setups. 

^  Reference  [1].  Data  obtained  on  the  AlAs  (30  A)/Si  (0.5  A)/GaAs  (100)  structures. 


Sample  II 

it  =  60  A) 
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4.  Discussions 

In  order  to  deduce  the  band  discontinuities  from  the  values  determined  by 
XPS,  we  have  to  consider  the  effects  of  the  XPS  probing  depth  ~  25  A)  [1]. 
Figure  2  shows  the  energy  band  diagrams  of  GaAs/AlAs  junctions  with  and 
without  Si  5-doping.  As  shown  in  Fig.  2  (a),  at  a  GaAs/AlAs  junction  the 
valence  band  discontinuity  is  given  by  [10], 

AEv  =  ^CL  +  ^v-Ga  3d- ^v-A[2p 

=  AEcl  "  53.94  eV.  (D 

Here,  E^.q^  3^  and  2p  denote  the  binding  energies  of  Ga  Sd  and  A1  2p  core 
levels  measured  from  the  valence  band  maxima  (VBM)  in  GaAs  and  AlAs, 
respectively.  It  should  be  noted  that  the  band  should  be  flat  for  Eq.  (1)  to  be 
valid.  When  the  5-doping  layers  are  inserted  the  band  diagram  changes  as 
shown  in  Figs.  2  (b)  and  (c).  AEqi  is,  then,  shown  by, 

AEcl  =  ^Ga  average)  -  2p(^verage) 

_  _  E^iB.'versige)  +  53.94  eV,  (2) 

Here,  3^(average)  and  Ep^  2p(average)  denote  the  energies  of  the  Ga  3rf 
and  A1  2p  levels,  respectively,  which  are  averaged  over  the  XPS  probing 
depth.  £;^^(average)  and  (average)  are  the  averaged  VBM  of  GaAs 

and  AlAs,  respectively.  thus  affected  by  the  dipole  potential  between 

the  Si  layers  as  well  as  a  band  bending  in  the  AlAs  layer  over  the  top  Si  layer. 

When  the  interface  dipole  is  formed  between  the  doped  layers  and  no 
band  bending  is  left  above  the  top  Si  layer  as  shown  in  Fig.  1,  AEql  is  almost 
independent  of  the  top  AlAs  layer  thickness  t.  However,  this  value  changes 
when  t  increases  from  30  A  to  60  A.  The  band  diagram  including  the  inter¬ 
face  dipole  potential  between  the  5-doping  layer  and  the  band  bending  above 
the  top  5-doping  layer  is  estimated  under  the  following  assumptions. 

(1)  The  dipole  potential.  A,  between  the  5-doping  layers  and  hence  the 
effective  valence  band  discontinuity  is  the  same  for  ^  =  30  A  and  ^  =  60  A. 

(2)  The  band  bending  in  the  above  AlAs  layer  is  proportional  to  t. 

Then,  the  Ga  M  and  A1  2p  binding  energies,  Eq^^  3^  and  Ep^  ^p^  shown  as  a 
function  of  the  depth  d  from  the  sample  surface  as, 

E  =  E^^^^  (d>  50  A  +  t) 

Ge  3d  Ge  3d  (3) 

(50  A  +  «>d>f  +  25  A)  , 

Ga  3d  2  25  A 

^d=25  A+i  _  54  38  eV  -  -  X  ~  (t  +  25  A>d>t) 

Ge  3d  2  25  A  (4) 

E'^°‘  +Ebb^^-^  (0>d><), 

A12p  ""  t 

figaCi  =  60i)  =  2x£sB(i  =  30  A)  .  (5) 

By  substituting  the  values  given  by  Eqs.  (3-5)  into  the  exponential  weighting 
function  [1],  ^(average)  and  (average)  are  obtained.  The  AEcl^ 


E 

A1  2p 
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^  =  30  A  and  ^  =  60  A  are  shown  as  functions  of  A  and  the  band  bending  above 
the  top  Si  doped  layer,  By  solving  the  equations  we  have  A  =  0.74  eV  and 
Ebb  =  0.23  eV  {t  =  30  A).  Then,  the  energy  band  diagram  shown  in  Fig.  2  are 
drawn.  It  indicates  that  the  effective  valence  band  discontinuity  is  enlarged 
by  0.7  eV  due  to  the  Si  layers  and  that  the  n-type  doping  density  is  larger 
than  the  p-type  doping  density.  This  might  be  due  to  the  difference  in  the 
activation  efficiency  of  Si  donor  and  acceptor  as  well  as  Si  diffu¬ 
sion/segregation  effects.  The  observed  peak  line  width  of  the  Ga  Zd  and  A1  2p 
levels  confirms  the  validity  of  the  above  determination.  The  A1  2p  line  width 
is  relatively  narrow  as  compared  with  the  AlAs/Si/GaAs  samples  [1],  in 
which  the  band  bending  in  the  AlAs  layer  is  as  large  as  0.7  eV.  The  Ga  3c? 
width  is  broadened  because  XPS  probes  mainly  the  top  few  nanometer  of  the 
GaAs  layer  where  the  interface  dipole  is  formed. 

These  experimental  observations  demonstrate  that  the  insertion  of  two 
6-dopings  very  near  the  junction  can  effectively  control  the  heterojunction 
band  discontinuities,  although  it  requires  us  to  balance  the  p-  and  /i-type 
doping  density. 

5,  Conclusions 

GaAs/AlAs  (311)A  heterojunctions  with  Si  p-  and  zi-type  6-dopings  were 
grown  by  molecular  beam  epitaxy  and  studied  by  in  situ  x-ray  photoemission 
spectroscopy.  The  energy  difference  between  the  Ga  3c?  and  A1  2p  levels 
increases  by  0.5  eV  when  the  Si  layers  are  inserted.  This  change  indicates 
that  the  effective  valence  band  discontinuity  is  enlarged  by  0.7  eV  when  the 
doping  densities  are  0.05  ML  (p-type)  and  0.1  ML  (/i-type)  and  their  separa¬ 
tion  is  50  A.  The  energy  band  diagram  is  thus  controlled  by  using  p-  and  n- 
type  6-dopings  inserted  very  near  the  heterointerface. 
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Flow  Modulation  Epitaxy  of  Short  Period  GalnAs/InP 
Superlattices 
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Abstract.  Flow  Modulation  Epitaxial  growth  of  short  period  GalnAs/InP  superlattices  was 
investigated.  Superlattice  quality  was  assessed  by  Double  Crystal  X-Ray  Diffraction,  room  and 
low  temperature  Photoluminescence,  Raman  Scattering,  and  Atomic  Force  Microscopy.  Growth  of 
bulk  GalnAs,  single  GalnAs  quantum  wells,  and  GalnAs/InP  superlattices  (including  results  on  the 
shortest  period,  high  quality  GalnAs/InP  superlattices  prepared  to  date  by  OMVPE)  are  presented. 
Finally,  a  qualitative  model  relating  accumulated  interface  roughness  and  preferential  Group  III 
incorporation  during  GalnAs  nucleation  is  presented. 


L  Introduction 

GalnAsP  lattice  matched  InP  is  an  important  materials  system  for  long  wavelength 
optoelectronic  devices.  There  has  been  a  great  deal  of  research  into  the  mixed  crystal,  but 
few  reports  on  quaternary  replacement  by  GalnAs/InP  short  period  superlattices  [1]. 
Because  heterostructures  in  this  system  require  the  exchange  of  both  Group  III  and  Group 
V  constituents  across  one  or  more  interfaces  while  maintaining  lattice  matched  growth, 
they  are  among  the  most  difficult  interfaces  to  form  by  Organometallic  Vapor  Phase 
Epitaxy  (OMVPE).  The  role  of  the  Group  V  sources  is  especially  significant  because  of 
the  nonlinear  nature  of  the  As/P  incorporation  ratio  [2]  and  the  necessity  of  having  at  least 
one  of  the  Group  V  sources  in  the  reaction  cell  at  all  times  to  preserve  the  growth  surface. 

Most  studies  on  the  interfaces  in  this  system  have  involved  single  quantum  wells  [3]  [4]  or 
large  period  superlattices  [5].  These  reports  have  often  concentrated  on  optimizing  the 
growth  of  thin  wells  and  not  thin  barriers  and  have  generally  relied  on  one  primary 
characterization  technique  (e.g.  Photoluminescence  or  X-Ray  Diffraction).  Studies  of  this 
kind  do  not  address  the  effect  of  the  thick  InP  layers  on  smoothing  the  growth  surface  [6] 
or  the  question  of  interface  repeatability,  nor  do  they  seek  to  reconcile  the  sometimes 
disagreeing  results  of  different  characterization  techniques.  In  contrast,  this  study  includes 
the  growth  of  structures  with  both  thick  and  thin  wells  (as  thin  as  approximately  10  A)  and 
barriers  (as  thin  as  approximately  20  A)  and  employs  a  variety  of  characterization 
techniques  including  Double  Crystal  X-Ray  Diffraction  (DCXRD),  Raman  Scattering, 
room  and  low  temperature  Photoluminescence  (PL),  and  Atomic  Force  Microscopy 
(AFM). 

II.  Experimental 

GalnAs/InP  superlattices  were  grown  at  600°C  using  Flow  Modulation  Epitaxy  (FME)  at 
low  pressure  (76  torr)  in  a  vertical  barrel  OMVPE  system  [7].  Before  each  run  the 
reaction  cell  was  cleaned  via  a  hot  wall  HCl  vapor  etch  to  remove  deposits  from  the 
previous  run.  The  sources  were  triethylgallium  (TEG),  trimethylindium  (TMIn),  arsine 
(AsHs),  and  phosphine  (PH3).  The  TMIn  flow  was  regulated  with  an  ultrasonic  analyzer. 
The  V/III  ratios  and  growth  rates  were  approximately  30  and  0.5  jim/hr  for  the  GalnAs 
and  275  and  0.25  |xm/hr  for  the  InP.  Two  substrates,  (100)  ±0.5°  S-doped  InP  and  (100) 
semi-insulating  Fe-doped  misoriented  2±0.5°  toward  the  nearest  (110),  were  loaded  side 
by  side  on  the  susceptor  during  each  experiment. 

Symetric  (004)  and  asymmetric  {115}  DCXRD  was  used  to  determine  superlattice  period 
and  lattice  parameters  in  directions  both  parallel  and  perpendicular  to  the  growth  surface. 
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Most  of  the  samples  described  here  were  coherent,  so  superlattice  lattice  parameter  will 
be  used  to  describe  the  perpendicular  lattice  constant.  Room  (300K)  and  low  temperature 
(IK)  PL  were  used  to  assess  optical  quality  and  determine  the  superlattice  bandgap. 
Raman  scattering  results  supplemented  the  structural  information  provided  by  the 
DCXRD,  especially  the  composition  of  the  wells  and  the  extent  of  layer  intermixing. 
Finally,  surface  morphology  of  selected  samples  was  assessed  by  AFM. 

Samples  consisted  of  single  layers,  quantum  wells,  and  superlattices.  Superlattice  periods 
ranged  from  30  A  to  260  A,  Gain  As  thickness  from  10  A  to  130  A,  and  InP  thickness  from 
20  A  to  130  A.  Several  interface  formation  techniques,  depicted  in  Figure  1,  were  used  in 
order  to  simulate  switching  procedures  characteristic  of  a  large  number  of  OMVPE 
reactors.  Referring  to  the  figure,  all  growth  stops  were  fixed  at  10  sec.  For  Interface  I,  the 
H2  interrupt  time  was  varied  from  0.5-2  sec;  for  Interface  II,  the  GalnAsP  overlap  time 
was  varied  from  0.1-5  sec;  and  for  Interface  III,  the  hydride  overlap  was  fixed  at  0.1  sec 
while  the  surface  conversion  time  was  varied  from  0.375-0.75  sec. 
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Figure  1  Interface  formation  techniques  used  in  this  study.  The  InP  to  GalnAs  switching  and  flow 
sequences  are  depicted  in  the  figure.  Interfaces  in  the  same  sample  were  formed  symmetrically,  so  the 
GalnAs  to  InP  sequence  is  described  by  interchanging  the  Group  in  and  Group  V  sources  accordingly. 
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III.  Results  &  Discussion 

Superlattices  with  nominal  250  A 
periods  were  produced  using  bulk  lattice 
matching  flows.  DCXRD  spectra  of 
samples  grown  on  on-axis  substrates 
utilizing  Interface  I  (H2  purge  time  of  2 
sec)  and  Interface  II  (GalnAsP  overlap 
times  of  0.1  and  5  sec)  are  shown  in 
Figure  2  and  are  denoted  a,b,  and  c, 
respectively.  The  lattice  parameters  of 
the  samples  are  consistently  smaller 
than  that  of  the  substrate  (0th  order 
diffraction  feature  on  high  angle  side  of 
substrate).  Since  these  samples  were 
produced  with  reactant  flows  that 
resulted  in  thick,  lattice  matched 
GalnAs,  this  indicates  a  change  in 
lattice  matching  conditions  for  thick  and 
thin  layers  of  GalnAs.  Contrasting  the 
structural  quality  of  the  samples. 
Interface  I  resulted  in  broad  diffraction 
features  and  only  two  orders  of 
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superlattice  satellites,  demonstrative  of  poor  crystal  quality  and/or  rough  interfaces.  On 
the  other  hand,  Interface  II  resulted  in  more  intense,  narrower,  and  more  numerous 
satellites.  Furthermore,  even  though  the  5  sec  GalnAsP  overlap  time  resulted  in  an 
additional  set  of  satellites  related  to  the  intentionally  introduced  GalnAsP  transition  layers, 
the  interlayers  were  not  detrimental  to  structural  quality  as  is  evidenced  by  the  comparable 
diffraction  results.  Optical  quality  as  determined  by  intensity  and  spectral  width  of  1 K  and 
300K  PL  of  the  samples  prepared  with  Interface  II  and  0. 1  sec  and  5  sec  GalnAsP  overlap 
times  also  compared  favorably,  confirming  the  difficulty  in  evaluating  the  effect  of 
interface  formation  technique  on  sample  quality  in  structures  with  thick  layers. 

As  the  period  was  decreased,  the  2.0(10)'^  | 

samples  produced  with  Interface  I  were  ' 

consistently  of  poorer  quality  than  those  ^ 

produced  with  Interface  11.  1.8(10)“^ 

Deterioration  of  the  growth  surface, 
even  for  H2  purge  times  as  short  as  0.5  .|  ^ 

seconds,  indicates  rapid  transport  of  ^  ^  ^ 

residual  group  V  species  from  the  ‘S 

reaction  cell.  Combined  with  the  250  A  |  j  4(10)'^ 

period  results,  this  demonstrates  that  c 

one  of  the  group  V  sources  is  needed  in  S 

the  reaction  cell  at  all  times  to  preserve  ^  1.2(10)‘^ 

the  growth  surface.  Following  the  S 

lattice  parameter  trend  begun  with  the  ^  ^ 

250  A  period  samples,  the  superlattice  1.0(10)'^ 

lattice  parameter  decreased  with  Gain  As 
layer  thickness  as  the  period  was 
reduced.  Furthermore,  as  the  period  8.0(10)  ( 

was  decreased  below  approximately  60  GalnAs  Thickness  (A) 

A,  samples  with  a  large  number  of  Figure  3  Lattice  matching  conditions  for  thin 

periods  (>50)  produced  with  bulk  GalnAs  layers, 

calibration  reactant  flows  were 
characterized  by  poor  optical  and 

structural  quality  and  inferior  surface  morphology  relative  to  the  larger  period 
samples.  To  preserve  lattice  matched  growth  and  restore  sample  quality,  the  group  III 
mole  fraction  ratio  was  adjusted  as  a  function  of  the  GalnAs  layer  thickness  for  both 
Interfaces  II  and  III  as  shown  in  Figure  3.  This  effect  was  repeatable  over  the  duration  of 
the  study,  with  the  possibility  of  systematic  errors  eliminated  by  repeating  several 
experiments  for  the  shorter  period  (30-120  A)  structures  and  by  periodically  verifying  the 
bulk  lattice  matching  conditions.  Notably,  even  after  the  lattice  matching  conditions  were 
established,  samples  grown  on  the  off-axis  substrates  were  of  poorer  quality  than  those 
grown  on  the  on-axis  substrates,  indicating  a  fundamental  difference  between  growth  on 
the  on-  and  off-axis  substrates.  The  change  in  lattice  matching  conditions  with  GalnAs 
thickness  and  interface  formation  technique  indicates  that  growth  of  thin  GalnAs  with  bulk 
calibration  data  does  not  necessarily  result  in  lattice  matched  structures  and  provides  a 
possible  explanation  for  the  large  dispersion  in  PL  data  for  thin  GalnAs  single  quantum 
wells  (e.g.  1.0  to  1.2  eV  at  IK  for  10  A  GalnAs/InP  wells)  [4]. 

Identification  of  the  lattice  matching  trend  enabled  the  synthesis  of  a  quaternary 
replacement  with  a  wide  range  of  bandgaps  as  shown  in  Figure  4.  Kronig-Penney 
calculations  for  expected  ground  state  electron  to  heavy  hole  transition  energies  are 
included  for  comparison.  Abrupt  interfaces,  parabolic  bands,  and  equal  well  and  barrier 
thicknesses  are  assumed,  with  paramaters  as  used  in  reference  [4].  Bandgaps  and  band 
offsets  are  adjusted  for  the  strain  [4].  The  shaded  areas  reflect  the  width  of  the  minibands. 
This  study  also  resulted  in  the  shortest  period  high  quality  GalnAs/InP  superlattices  with  a 
large  number  of  periods  produced  by  OMVPE  to  date.  Room  and  low  temperature  PL  and 
a  DCXRD  spectrum  of  a  representative  sample  with  a  54  A  period  repeated  100  times  are 
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position.  Symbols  correspond  to  Interface  I  (♦), 

Interface  II  (•),  and  Interface  III  (■).  Inset  and  Kronig-  Figure  5:  DCXRD  spectrum  centered  around 
Penney  Calculations  are  described  in  the  text.  InP  (004)  reflection.  Superlattice  satellite 
GalnAs  well  compositions  are  as  indicated.  orders  are  enumerated. 

shown  in  the  Figure  4  inset  and  in  Figure  5,  respectively.  This  result  is  in  conflict  with  an 
earlier  report  claiming  that  such  a  structure  could  not  be  grown  by  OMVPE  [6].  Single 
quantum  wells  were  also  prepared  with  Interfaces  II  and  III;  both  bulk  lattice  matching 
flows  and  thin  layer  lattice  matching  flows  determined  from  the  superlattice  study  wem 
used.  All  samples  were  characterized  by  strong  IK  PL;  however,  the  dispersion  of  the  thin 
well  emission  energy  emphasized  the  importance  of  determining  lattice  matching 
conditions  for  thin  layers. 

The  surface  morpholopy  of  the  large  period  structures  was  smooth  with  the  dorninant 
features  being  monolayer  terraces  separated  by  approximately  0.5  \im  as  shown  in  the 
AFM  image  of  the  surface  of  a  250  A  period  superlattice  in  Figure  6a.  This  is  consistent 
with  the  morphology  of  thick  InP  and  GalnAs  layers  grown  under  the  same  conditions.  As 
the  period  was  decreased,  the  dominant  features  were  depressions  as  shown  in  the  image 
of  a  120  A  period  superlattice  in  Figure  6b.  When  the  period  was  further  reduced  to  the 
shortest  period  structure  investigated,  30  A,  the  depressions  became  larger  in  both  width 


(a)  250  A  (b)I20A  (c)30A 

Figure  6  Superlattice  surface  morphology.  Field  size  is  2  fim  by  2  pm.  Superlattices  are  synthesized  with 
Interface  II.  Sunerlattice  oeriod  is  as  indicated. 
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and  depth.  In  the  image  shown  in  Figure  6c,  the  depressions  were  approximately  60  A 
deep,  twice  the  superlattice  period.  The  surface  morphology  trend  seen  here  can  be  used 
as  an  indication  of  the  individual  interface  roughness,  with  the  interface  roughness 
increasing  with  decreasing  period.  Furthermore,  growth  of  similar  samples  which 
differed  only  in  the  number  of  periods  revealed  that  the  interface  roughness  is  cumulative. 

Raman  spectra  for  structures  with 
GalnAs  layer  thicknesses  ranging  from 
1  p.m  to  10  A  are  shown  in  Figure  7; 

Interface  II  (0.1  sec  overlap)  was  used 
for  all  samples  shown.  The  dominant 
spectral  features  are  identified  in  the 
figure  caption.  Modes  (i-iii)  are 
associated  with  the  GalnAs  layers  while 
modes  (iv-v)  are  related  to  the  InP 
layers.  Mode  (vi)  is  discussed  below. 

The  TO  phonons  were  identified  by 
varying  the  polarization  of  the  incident 
and  scattered  light.  The  increase  in  TO 
intensity  in  the  shorter  period  samples 
indicates  deteriorating  sample  quality 
and  increasing  interface  roughness. 

Samples  produced  with  Interface  III 
showed  similar  features.  Bulk  GalnAs 
and  the  two  largest  period  samples  have 
virtually  identical  spectra;  the  similarity 
between  these  superlattice  and  the  bulk 
spectra,  the  absence  of  a  GaP-like  mode, 
and  the  small  shift  of  the  InP-like  LO 
phonon  from  its  bulk  value  indicate 
layer  intermixing  on  the  order  of 
monolayers  [8].  However,  as  the  period 
is  reduced,  the  Raman  spectra  diverge 
considerably  from  the  spectrum  of  the 
bulk  reference  sample.  The  increase  in  the  strength  of  the  InP-like  modes  relative  to  the 
GalnAs-like  modes  could  be  casued  by  a  resonance  apparent  only  in  the  shorter  period 
structures  or  by  an  additional  mode  superimposed  on  the  InP-like  region  of  the  spectra 
(location  of  mode  (vi)  consistent  with  vibrational  frequency  of  GaP-like  LO  phonon  [9]). 
The  intensity  changes  within  the  GalnAs-like  region  of  the  spectra  may  result  from  a 
resonance  condition,  the  presence  of  Ga-deficient  wells  (not  likely  based  on  DCXRD  and 
PL  data  and  the  position  of  the  proposed  GaP-like  phonon),  or  increased  interaction  of  In 
and  As  atoms  at  the  interfaces  as  the  interfaces  roughen  and  become  less  abrupt. 

Growth  by  FME  of  GalnAs/InP  superlattices  and  single  quantum  wells  has  been  found  to 
be  sensitive  to  the  interface  formation  technique,  substrate  orientation,  superlattice  period, 
and  number  of  periods.  DCXRD  results  demonstrated  the  decrease  in  superlattice  lattice 
parameter  with  period.  AFM  measurements  and  surface  morphology  trends  showed 
increasing  interface  roughness  with  decreasing  GalnAs  thickness  and  accumulating  with 
the  number  of  periods.  The  Raman  scattering  indicated  a  possible  incorporation  of  P  in 
the  GalnAs  in  short  period  structures,  increasing  interface  roughness  with  decreasing 
period,  and  relative  changes  in  the  reactant  incorporation  ratio  with  period.  The  lattice 
parameter  trend  could  be  caused  by  incorporation  of  residual  P  in  the  GalnAs;  however, 
the  amount  of  residual  PH3  in  the  reaction  cell  is  known  to  be  small  (see  discussion  of 
Interface  I)  and  P  does  not  incorporate  in  GalnAs  efficiently  at  600°C  [2].  Furthermore,  if 
this  was  the  only  cause  of  the  lattice  matching  trend,  the  superlattice  lattice  parameter 
should  decrease  by  exposing  the  GalnAs  surface  to  PH3  for  increasing  amounts  of  time; 
the  opposite  effect  was  seen  in  Interface  III  experiements  in  which  all  parameters  except 
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Figure  7  Raman  scattering  from  GalnAs/InP 
superlattices.  Superlattice  period  is  indicated  on 
the  right  side  of  the  figure.  Mode  identification  is 
as  follows:  (i)  InAs-like  LO,  (ii)  &  (iii)  GaAs- 
like  TO  &  LO,  (iv)  &  (v)  InP-like  TO  &  LO,  and 
(vi)  GaP-like  LO.  Vertical,  dotted  lines  are 
intended  to  indicate  approximate  mode  position. 
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the  surface  conversion  time  were  held  constant.  Instead,  we  believe  that  the  observed 
variation  in  the  lattice  matching  conditions  is  caused  by  preferential  Ga  incorporation  in 
the  GalnAs  near  the  interfaces  which  in  turn  produces  a  rough  growth  surface.  This  effect 
is  not  significant  in  structures  with  thick  InP  layers  because  InP  smooths  the  growth 
surface  and  prevents  the  accumulation  of  interface  roughness  [6].  The  change  in  the  Ga/In 
incorporation  ratio  near  the  interfaces  is  likely  to  occur  due  to  the  stronger  Ga-group  V 
bond  compared  to  the  In-group  V  bond  [10].  In  the  early  stages  of  GalnAs  nucleation  on 
InP,  preferential  Ga  deposition  occurs  because  the  sticking  coefficient  of  Ga  on  P  is  larger 
than  that  of  In  on  P.  Similarly,  during  the  growth  interruption  following  GalnAs 
deposition,  preferential  In  desorption  is  likely  because  the  sticking  coefficient  of  Ga  on  As 
is  larger  than  that  of  In  on  As.  The  strain  associated  with  the  Ga-rich  layer  at  either 
interface  would  explain  the  surface  roughening  and  the  resulting  preferential  Ga 
incorporation  would  explain  the  necessity  of  reducing  the  Ga  flux  for  short  periods  where 
thin,  Ga-rich  layers  would  decrease  the  lattice  constant  by  the  largest  amount. 

IV.  Summary 

In  summary,  bulk  GalnAs  growth  ealibration  data  may  be  used  to  grow  high  quality  thick 
period  (>  200  A)  superlattices,  short  period  superlattices  with  a  relatively  small  number  of 
interfaces,  and  single  quantum  wells,  but  not  good  quality  short  period  superlattices  with  a 
large  number  of  interfaces  (>  50).  As  the  GalnAs  layer  thickness  is  decreased  from  1  p-m 
to  10  A  ,  the  Ga  mole  fraetion  must  be  likewise  decreased  relative  to  the  In  to  preserve 
lattice  matched  growth.  We  have  discussed  the  plausibility  of  P  incorporation  in  the 
GalnAs  as  well  as  enhanced  Ga  incorporation  and  surface  roughening  during  the  GalnAs 
growth  to  explain  this  trend.  Regardless  of  which  effect  is  dominant  in  causing  the  change 
in  lattice  matching  conditions  as  the  superlattice  period  is  decreased,  we  have  provided  an 
explanation  for  the  large  dispersion  in  PL  data  for  thin  wells  and  defined  a  repeatible 
process  for  successfully  synthesizing  superlattice  quaternary  replacements.  Finally,  we 
have  demonstrated  the  necessity  of  using  several  characterization  techniques  to  investigate 
complicated  epitaxial  structures  such  as  those  prepared  here. 
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Abstract:  We  discuss  in  detail  how  the  driving  force  for  dislocation  generation  changes  in 
quantum-well  structures  with  and  without  strain  compensation.  The  criteria  for  designing  a 
structurally  stable,  strain-compensated  stack  during  and  after  growth  are  to  make  the  average 
strain  close  to  zero  in  the  whole  structure  and  to  keep  the  thickness  of  each  layer  below  its 
critical  layer  thickness.  With  improved  interfaces,  the  photoluminescence  of  an  InGaP/InGaAs 
single  quantum  well  with  strain  compensation  shows  a  much  stronger  and  narrower  peak  than 
the  one  without  strain  compensation.  For  a  strain  compensated  InGaP/InGaAs  multiple 
quantum  well  structure,  the  double  crystal  x-ray  rocking  curve  exhibits  much  narrower  satellite 
peaks. 


1.  Introduction 

The  strain  in  strained  semiconductor  quantum  wells  offers  an  additional  degree  of  freedom  in 
tailoring  electronic  properties,  which  presents  a  considerable  potential  for  developing  novel 
and  improved  electronic  and  optoelectronic  devices!  ^>^1.  The  device  performance  may  be 
maximized  by  using  a  larger  strain,  which,  however,  requires  a  thinner  critical  thickness  (h^). 
For  certain  devices,  such  as  field-effect  transistors,  the  channel  layer  must  be  kept  relatively 
thick  to  minimize  the  effect  of  size  quantization  and  reduced  carrier  confinement.  According 
to  the  Matthews-Blakeslee's  modelt^l  for  the  In^Gai.^As/GaAs  system,  when  x  equals  0.2,  h^ 
is  about  65A;  when  x  is  0.3,  h^  is  about  38A.  Therefore,  it  is  difficult  to  realize  an 
InQ  3Gao  7As/GaAs  strained  quantum  well  with  a  well  thickness  between  lOOA  and  ISOA. 
Even  though  h^  of  the  second  and  the  upper  wells  can  be  increased  by  using  wider  barriers  to 
dilute  the  effect  of  strain,  it  can  not  be  varied  too  much  and  h^  of  the  first  well  remains  the 
same.  Lowering  the  growth  temperature  can  also  increase  h^.,  because  dislocation 
multiplication  will  decrease  at  low  temperatures!"*],  but  the  material  quality  may  be  inferior. 

Another  method  for  increasing  h^  is  strain  compensation.  Previously,  several  authors 
have  discussed  the  possibilities  of  strain  compensation!^]  based  on  the  Matthews-Blakeslee's 
model !^].  Basically,  tensile  and  compressive  strain  in  alternating  layers  allow  synthesis  of  a 
strained  quantum  well  stack  with  a  considerably  reduced  net  strain,  which  results  in  a  low 
residual  effective  stress  for  misfit  dislocation  injection  during  and  after  growth.  Strain 
compensation  holds  the  promise  of  reduced  defect  densities  with  an  enhanced  structural 
stability,  and  it  should  permit  the  growth  of  highly  strained  quantum  wells  for  electronic  and 
optoelectronic  devices. 
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In  this  paper,  we  compare  strain  compensated  and  uncompensated  InGaP/InGaAs 
single  quantum  well  (SQW)  and  multiple  quantum  well  (MQW)  structures. 


2.  Theory 

A  partially  compensated  stack  can  be  grown  easily  by  using  wells  and  barriers  with  opposite 
strain.  The  net  strain  (e^)  is  then  reduced.  For  an  N-period  MQW  structure  it  can  be 
expressed  as  follows: 


.  NKe,HN-\)Ke^ 
Nh,  +  {N-\)K 


where  h\  and  are  layer  thickness  and  strain,  respectively;  b  means  barrier  layer  and  w  means 
well  layer.  We  can  choose  the  strain  and  the  thickness  of  the  wells  and  the  barriers  by 
making  =0  to  obtain  a  strain-compensated  structure.  However,  =0  means  only  that  the 
whole  stack  is  stable  after  growth;  it  can  not  tell  if  the  stack  is  stable  during  the  growth.  If 
the  strain  in  the  first  several  layers  is  already  relaxed,  we  can  not  obtain  a  pseudomorphic 
structure  even  though  is  equal  to  zero.  Therefore,  another  important  condition  in  the 
design  of  a  strain-compensated  structure  is  that  the  thickness  of  each  layer  must  be  kept 
within  its  h^,. 

According  to  the  model  of  Houghton  et  al.,  which  is  based  on  the  Matthews  and 
Blakeslee's  energy  balance  model,  the  driving  force  (^pp)  for  the  propagation  of  a  dislocation 
pair  in  a  multilayer  structure  isi^]; 


'DP 


Nhx+(N-l)Hy 
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B 
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ln^(Z,  +  Z) 
h 


2(1+ v)  - 

A  ^  cos  cos  A 

(1-v) 

^>(l-vcos^0) 
4;r(l+  v)cosA 


where  N  is  the  period  of  alternating  layers  with  opposite  strain  x  and  j;  h  and  H  are  well  and 
barrier  thicknesses,  respectively;  \\f  is  the  angle  between  the  strained  interface  normal  and  the 
slip  plane;  0  is  the  angle  between  the  dislocation  line  and  its  Burgers  vector;  X  is  the  angle 
between  the  Burgers  vector  and  the  direction  in  the  interface  normal  to  the  dislocation  line; 
Px  is  the  shear  modulus  of  the  layer  x;  p^y  i®  average  shear  modulus  for  the  multilayer;  v 
is  Poison's  ratio  ~  0.3;  p  is  the  core  parameter;  =  4A  is  the  Burgers  vector  of  the  misfit 
dislocation;  L=Nh+(N-I)H  is  the  height  of  the  multilayer  cut  by  the  threading  arm  of  the 
misfit  dislocation  pair;  and  Z  is  the  thickness  of  the  top  layer. 

If  Tdp  is  negative,  then  there  is  no  tendency  for  strain  relaxation,  and  the  whole 
structure  is  thermodynamically  stable.  If  x^p  is  positive,  then  the  strained  structure  is 
unstable.  When  X£>p  =  0,  it  is  the  critical  condition  at  which  h^  can  be  determined.  Using  the 
driving  force  equation,  we  can  design  a  stable  structure  during  and  after  growth  by  choosing 
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appropriate  barrier-layer  parameters  for  a  given  well  strain  and  thickness.  Therefore,  with 
strain  compensation  an  infinite  period  of  QWs  can  be  grown. 

The  driving  force  in  InGaP/InGaAs  SQW  structure  with  and  without  strain 
compensation  is  shown  in  Fig.  1.  Curve  (a)  is  the  driving  force  for  dislocation  generation  in  a 
strained  InQ  3gGao  52^  single  layer  on  a  GaAs  substrate.  Its  h^  is  about  145  A  determined  at 
Tdp=0.  For  an  Ino  48Gao  52P(50A)/In()  2Gao  gAs(50A)/Ino  4gGao  52P(50A)  SQW  structure 
without  strain  compensation,  shown  in  curve  (b),  the  Ino.48Ga()  52P  layer  has  a  lattice- 
mismatch  of  about  1x1 0’^,  based  on  the  actual  structure  grown,  as  described  later,  and  the 
strain  in  the  Ino  2Gao  gAs  layer  is  about  1.4xl0'2,  This  results  in  an  average  strain  of  about 
5.4x10'^.  For  a  strain-compensated  Ino  3gGao.62P(^^^)/I*k).2^^.8^s(^^^y 

Ino  sgGao  62P(^^^)  SQW,  curve  (c),  the  barrier  strain  is  about  -7.8x1 0"^,  and  the  average 
strain  in  the  whole  stack  is  about  SxlO'^.  Since  the  thickness  of  the  InGaAs  and  InGaP 
layers  are  all  smaller  than  their  h^'s,  the  driving  force  is  less  than  zero  during  and  after  growth 
for  both  SQWs.  After  the  growth  of  InGaAs  and  InGaP,  the  driving  force  in  the  strain- 
compensated  structure  is  less  than  that  of  the  uncompensated  structure,  i.e.,  the  strain 
compensated  structure  should  be  more  stable. 


Thiclaiess  (A) 


Fig.  1  Driving  force  for  dislocation  generation  as  a  fiinction  of  layer  thickness  in  (a)  a  single  strained  layer 
Ino  38^^  62^  GaAs  substrate,  (b)  an  Ino  4gGao  52P(50A)/Ino  2Gao  gAs(50A)/Ino  4gGao  52P(50A) 
SQW  without  strain  compensation,  and  (c)  an  Ino  38^^ 

Ino  38Gao  52P(50A)  SQW  with  strain  compensation 


3.  Experiment 

Materials  were  grown  in  a  gas-source  molecular  beam  epitaxy  (GSMBE)  system  modified 
from  a  Varian  GEN  II  MBE  system,  equipped  with  two  2200  1/s  cryopumps.  Elemental 
indium  and  gallium  were  used,  and  arsenic  and  phosphorus  dimers  (As2  and  P2)  were 
obtained  by  cracking  pure  arsine  and  phosphine,  respectively,  at  1000°C. 
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Strained  QW  structures,  with  and  without  strain  compensation,  were  grown 
consecutively  on  semi-insulating  (100)  GaAs  substrates  at  500°C.  The  typical  SQW 
structure  used  was  InxGai.xP(50A)/Ino  2Gao  8As(50A)/GaAs(20A)AnxGai,xP(50A),  and  the 
MQW  structure  was  10  periods  of  InyGai-yP/GaAs(9A)/Ino.iGao.9As/GaAs(9A).  The 
reason  for  using  the  GaAs  interfacial  layer  is  described  in  the  next  section.  The  chamber 
pressure  during  growth  was  3xlO"^~6xlO"^  Torr.  The  total  hydride  flow  rate  was 
2~3SCCM.  The  lattice-mismatch  of  InGaP  on  GaAs  (less  than  ±  lO'^)  for  strain- 
uncompensated  structures  was  determined  by  double-crystal  x-ray  rocking  curves  (DCXR) 
from  bulk  epitaxial  layers.  The  quality  of  SQW  and  MQW  was  evaluated  by 
photoluminescence  (PL)  and  DCXR,  respectively. 


4.  Results  and  discussion 

During  growth,  we  noticed  that  the  interface  of  InGaP  on  InGaAs  was  always  worse  than 
that  of  InGaAs  on  InGaP  and  both  interfaces  of  GaAs-InGaP,  because  the  reflection  high 
energy  electron  diffraction  (RHEED)  pattern  changed  from  a  streaky  to  a  spotty  pattern. 
Since  the  interface  between  GaAs  and  InGaP  is  good,  a  thin  GaAs  layer  was  inserted  between 
InGaAs  and  InGaP  to  prevent  P-As  substitution  around  In  atoms,  resulting  in  an  improved 
InGaAs-GaAs-InGaP  interface  dramatically. 

With  the  improved  interface,  the  SQW  structure  with  strain  compensation  exhibited  a 
better  PL  quality  as  shown  in  Fig.  2.  Fig.  2(a)  shows  the  PL  of  an  Ino  4gGao.52As/ 
Ino  2Gao  gAs/GaAs/Ino  4gGao.52P  SQW  structure,  without  strain  compensation,  but  with  a 
20A  GaAs  interfacial  layer.  The  peak  near  8300A  is  due  to  GaAs;  that  at  9127A  is  from  the 
SQW;  and  that  at  9381 A  may  be  a  defect-  or  impurity-related  transition.  Fig.  2(b)  shows  the 
PL  spectrum  of  a  strain-compensated  Ino  jgGao  62P/^^.2^^.8As/GaAs/Ino  jgGao  62^  SQW. 
No  peak  near  9380A  is  observed  in  this  case.  The  beneficial  effect  of  strain  compensation  is 
evident.  The  PL  intensity  of  the  strain-compensated  SQW  is  more  than  twice  that  of  the 
SQW  without  strain  compensation,  and  the  line  width  is  slightly  narrower. 


Fig.  2  Strain  compensation  effect  in  InjjGaj.xP(50A)/Ino  2^30  gAs(50A)/GaAs(20A)InjjGaj.xP{50A) 
SQWs  from  lOK  photoluminescence  spectra,  (a)  x=0.48  and  (b)  x=0.38 


The  DCXR  results  of  InGaP/InGaAs  MQWs  are  shown  in  Figs.  3  and  4.  Curve  (a)  in 
Fig,  3  is  from  a  10-period  Ino  54Gao.46P(100A)/GaAs(9A)/Ino  loGao  9oAs(90A)/  GaAs(9A) 
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MQW  structure  without  strain  compensation,  whereas  curve  (a)  in  Fig.  4  is  from  a  1 0-period 
Ino.42Gao  58P(105A)/GaAs(9A)/In()  iiGao.89As(89A)/GaAs(9A)  MQW  structure  with  strain 
compensation.  Both  curve  (b)  in  Figs.  3  and  4  are  dynamical-theory  simulations.  Peak  A  is 
from  the  3 000 A  GaAso  96P0.04  buffer  layer  The  4%  P  in  the  buffer  layer  is  due  to  the  fact  we 
used  only  one  cracker  for  both  arsine  and  phosphine.  The  zeroth  order  satellite  peak  of  Fig. 
3(a)  is  at  -403  arcsec,  i.e.,  the  net  strain  in  the  MQW  stack  is  about  5.1x10'^,  whereas  the 
zeroth  order  peak  of  Fig,  4(a)  is  at  -158  arcsec,  i.e.,  the  net  strain  is  about  b.SxlO’'^.  The  full 
width  at  half  maximum  (FWHM)  of  the  first-order  peak  in  Fig.  3(a)  is  about  109  arcsec, 
whereas  that  in  Fig.  4(a)  is  88  arcsec.  The  strain-compensated  structure  with  a  reduced  net 
strain  shows  a  better  crystalline  quality  than  the  uncompensated  MQW  structure. 


Angle  (arcsec)  Angle  (arcsec) 


Fig.  3  (a)  An  x-ray  rocking  curve  from  a  10- 
period  InGaP/InGaAs  MQW  structure  without 
strain  compensation,  (b)  A  dynamical-theory 
simulation;  peak  A  is  from  the  3000A 
GaAsQ  96Po.04  buffer  layer 


Fig.  4  (a)  An  x-ray  rocking  curve  from  a  10- 
period  InGaP/InGaAs  MQW  structure  with 
strain  compensation,  (b)  A  dynamical-theory 
simulation;  peak  A  is  from  the  3000A 
GaAso  96Po.04  buffer  layer 


Summary 

The  driving  force  for  misfit  dislocation  generation  in  strained  InGaP/InGaAs/InGaP  SQW 
structure  with  and  without  strain  compensation  was  compared.  To  design  a  strain- 
compensated  structure  that  is  stable  during  and  after  growth,  first,  the  average  strain  in  the 
whole  stack  must  be  kept  close  to  zero;  and  second,  the  thickness  of  each  layer  must  be  less 
than  h(,.  The  strain-compensated  SQW  shows  a  better  PL  quality  than  one  without  strain 
compensation,  and  the  strain  compensated  MQW  structure  exhibits  much  narrower  satellite 
peaks  than  one  without  strain  compensation. 
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Abstract.  We  present  a  study  of  the  effects  of  growth  conditions  on  the 
transport  properties  of  (InAs)i/ (GaAs)4  short  period  strained  layer 
superlattices  (SPSLSL's)  grown  on  (100)  GaAs  substrates.  The 
superlattices  were  grown  at  substrate  temperatures  of  420,  480,  and 
520®C,  and  under  various  arsenic  beam  equivalent  pressures  (BEP). 
Reflection  high  energy  electron  diffraction  (RHEED)  observations  along 
the  [110]  azimuth  were  made  to  determine  the  growth  mode  [i.e.  two- 
dimensional  (2D)  or  three-dimensional  growth  (3D)],  and  set  the  growth 
conditions.  Under  optimum  growth  conditions,  RHEED  oscillations  of 
an  80-period  (InAs)l  /  (GaAs)4  superlattice  were  obtained.  Two- 
dimensional  electron  gas  (2DEG)  mobilities  of  7,600  cm^/V-s  at  SOO^K 
and  43,000  cm^/V-s  at  77°K  have  been  obtained  for  high  electron 
mobility  transistor  (HEMT)  structures  fabricated  on  8-period 
(InAs)i/(GaAs)4  superlattices.  To  our  knowledge,  this  77^K  value 
represents  the  highest  mobility  obtained  for  (InAs)i  /  (GaAs)4  SPSLSL 
superlattices. 

L  Introduction 

InAs/GaAs  strain  layer  superlattices  are  of  interest  for  use  in  high  speed 
devices^'2  and  quantum  well  lasers^.  Toyoshima^  et.  al  reported  an 
(InAs)i/(GaAs)4  SPSLSL  HEMT  channel  grown  at  540oC  with  a  77oK  electron 
mobility  of  25,000  cm^/V-s.  In  this  work,  we  investigate  the  effects  of  growth 
conditions  on  the  electron  transport  properties  of  (InAs)i  /  (GaAs)4X  N 
superlattices,  where  N  is  the  number  of  periods. 

n.  Experimental 

SPSLSL  were  grown  on  nominally  (100)  GaAs  substrates.  In  and  Ga  deposition 
rates  were  set  by  RHEED  oscillation  techniques.  The  arsenic  pressure  was 
provided  by  a  cracker  cell  which  was  set  to  635^0.  At  this  setting  the  primary 
growth  species  produced  is  AS4.  The  InAs  and  GaAs  growth  rates  for  this  study 
were  0.18  ML/ s  and  1.0  ML/ s  respectively.  The  In  and  Ga  fluxes  were  adjusted 
to  provide  complete  monolayers.  The  superlattice  was  grown  under  constant  As 
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pressure  and  growth  interrupts  were  performed  after  the  deposition  of  each  InAs 
monolayer  and  at  the  end  of  each  period.  During  the  growth  of  the  SPSLSL 
RHEED  oscillations  were  recorded  using  a  computer  controlled  image  capture 
system.  To  study  the  2DEG  mobility  of  the  (InAs)i/(GaAs)4xN  superlattices, 
HEMT  structures  were  grown.  A  typical  structure  was  as  follows:  a  5000 A 
undoped  GaAs  buffer,  undoped  InAs/GaAs  superlattice  channel,  a  60A 
undoped  Alo.3Gao.7As  spacer  layer,  a  300A  n-type  Alo.3Gao.7As  supply  layer 
(n=2xl0l^  cm"3),  and  a  200A  n+  GaAs  cap.  This  structure  produced  a  2DEG 
carrier  concentration  of  approximately  1. 5x10^2  cm'2.  A  HEMT  consisting  of  an 
Ino.2Gao.8As  alloy  channel  was  grown  for  comparison.  The  SPSLSL  growths  were 
performed  as  a  function  of  the  arsenic  pressure  as  well  as  the  substrate 
temperature. 

nL  Result  and  Discussion 

Superlattices  grown  at  420^0  exhibited  the  strongest  RHEED  oscillations 
provided  that  the  As  pressure  was  sufficient  to  maintain  an  As-stable  surface. 
The  As4  pressure  was  determined  by  finding  the  minimum  pressure  at  which  As- 
stable  growth  of  GaAs  could  be  maintained.  Figure  1  shows  the  RHEED 
oscillations  for  a  (InAs)i  /  (GaAs)4x80  superlattice  grown  at  420°C  and  with  an  As 
beam  equivalent  pressure  of  5x10"^  Torr. 


Single  period 

0-20  periods 
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21-40  periods 
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Figure  1.  RHEED  oscillations  for  an  OnAs)y(GaAs)^x80  superlattice. 
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A  streaked  RHEED  pattern  was  observed  during  the  growth  of  all  80  periods. 
TEM  micrographs  confirm  the  existence  of  an  80-period  superlattice. 
Superlattices  grown  at  reduced  As  pressures  resulted  in  a  metal-stable  surface 
after  the  deposition  of  only  a  few  monolayers.  The  As  requirements  at  higher 
substrate  temperatures  differ  from  those  at  420°C.  The  minimum  As  pressure 
required  to  maintain  As-stable  growth  of  GaAs  at  420oC  was  sufficient  to 
maintain  an  As-stable  surface  during  growth  of  the  superlattice.  However,  the 
RHEED  pattern  for  superlattices  grown  under  these  conditions  would  transition 
from  a  streaked  to  a  spotty  pattern  after  growth  of  only  a  few  monolayers, 
indicating  3D  growth,  and  thereby  preventing  further  intensity  oscillations.  The 
degree  of  spotting  was  inversely  related  to  the  As  pressure.  To  maintain  a  2D 
growth  mode  it  was  necessary  to  increase  the  As  pressure.  Figure  2  shows  the 
RHEED  oscillations  for  an  (InAs)i/(GaAs)4x8  superlattice  grown  at  a  substrate 
temperature  of  520^0  and  an  As  BEP  =  2.0x  lO'^  Torr. 


Figure  2.  RHEED  oscillations  for  an  (lnAs)y(GaAs)^x8  superlattice. 


Shown  in  Figure  3  is  the  dependence  of  the  2DEG  Hall  mobility  versus  As4 
pressure  for  SPSLSL's  grown  at  420,  480,  and  520oC.  Figure  3a  shows  a  constant 
mobility  for  superlattices  grown  at  As  pressures  greater  than  5x10"^  Torr. 
RHEED  observations  under  these  conditions  indicate  As-stable  2D  growth  of  the 
superlattice.  The  reduction  in  2DEG  mobility  seen  at  lower  As  pressures 
corresponded  with  the  observation  of  metal-stable  growth.  Figure  3b  shows  a 
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similar  dependence  of  2DEG  mobility  on  As4  pressure  at  480®C.  The  mobility  is 
essentially  constant  under  high  As  pressures,  and  as  the  As4  pressure  is  reduced 
the  mobility  decreases.  However,  at  480^0  the  As  pressure  at  which  the  mobility 
begins  to  decrease  does  not  correspond  with  the  observation  of  metal-stable 
growth.  Streaked  RHEED  patterns  were  observed  during  growth  of  the 
superlattice  for  samples  that  produced  a  high  2DEG  mobility.  Reducing  the  As 
pressure  resulted  in  the  observation  of  spotty  RHEED  patterns  during  the  InAs 
cycle.  The  reduction  in  mobility  corresponds  with  the  observation  of  3D  growth 
of  InAs.  Figure  3c  shows  a  constant  2DEG  mobility  for  superlattices  grown  at 
520OC  with  As  pressures  of  1.3  to  6.8xl0"’5  Torr; 
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Figure  3.  Dependence  of  Hall  mobility  on  As  beam  equivalent  pressure  and  growth 
temperature,  (a)  420“C,  (b)  480"C,  (c)  520“C. 
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The  2DEG  mobilities  obtained  for  (InAs)i  /  (GaAs)4x8  superlattice  channel 
HEMT's  grown  at  different  temperatures  is  shown  in  Figure  4.  The  2DEG 
mobility  was  found  to  be  directly  proportional  to  the  substrate  temperature.  The 
highest  2DEG  mobility  for  the  superlattice  grown  at  520^0  was  7600  and  43,000 
cm^/V-s  at  SOO^K  and  77oK  respectively.  The  2DEG  mobility  for  a  corresponding 
alloy  in  our  system  was  6900  and  24,000  cm^/V-s  at  SOO^K  and  77oK  respectively. 
This  represents  an  80%  increase  in  the  2DEG  mobility  of  the  superlattice  over  the 
alloy  at  77^K. 


Figure  4.  2 DEG  mobilities  vs  growth  temperature  for 
(inAs) /(GaAs)  x8  HEMTs. 

1  4 


Comparison  of  the  variation  of  RHEED  oscillation  intensity  and  2DEG 
mobility  with  temperature  shows  that  there  is  a  clear  trade  off  between  maximum 
superlattice  thickness  and  2DEG  mobility.  To  grow  superlattices  that  exceed  the 
critical  thickness,  it  is  necessary  to  go  to  lower  substrate  temperatures.  At  these 
lower  temperatures  the  mobility  is  degraded.  To  study  the  effects  of  the  number 
of  periods  on  2DEG  mobility,  a  substrate  temperature  of  480oC  was  chosen. 
Figure  5  shows  the  2DEG  mobility  versus  N  for  an  (InAs)i  /  (GaAs)4xN  channel 
HEMT.  The  2DEG  mobilities  at  SOO^K  and  77oK  decreased  by  only  15%  and  23% 
respectively  for  a  superlattice  with  a  thickness  nearly  double  that  of  the  critical 
thickness  of  a  corresponding  alloy. 
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Figure  5.  2DEG  mobilities  vs  N  (periods)  for 
(InAs)  /(GaAs)  x8  HEMTs 

1  4 


IV.  Summary 

High  mobility  SPSLSL  channels  have  been  demonstrated.  The  mobility  of  the 
material  is  directly  related  to  substrate  temperature.  Provided  arsenic  pressure 
exceeds  a  critical  value  it  is  possible  to  grow  material  whose  mobilities  exceeds 
that  of  the  corresponding  alloy.  Further,  it  was  demonstrated  that  it  is  possible  to 
exceed  the  Matthews  Blakeslee  limit  and  still  maintain  good  mobilities, 
particularly  at  lower  growth  temperatures. 
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Abstract.  High  optical  quality  lattice  matched  GalnAsP  layers  and 
GalnAsP/GalnAs  quantum  wells  on  InP  were  grown  by  solid  source  MBE. 
Separate  valved  cracking  cells,  one  utilizing  in-situ  generated  white  phosphorus 
and  the  other  arsenic,  were  used  to  achieve  a  column  V  stoichiometric 
reproducibility  of  <1%  for  quaternary  layers.  Photoluminescence  emission  at 
300K  from  the  quaternary  layers  displayed  spectral  widths  as  narrow  as  40,6 
meV  at  X^\A3  pm.  GalnAs  QW  emission  (>.~1.55  pm)  at  77K  displayed 
spectra  as  narrow  as  4.3  meV  for  a  75A  width.  The  data  show  that  the  quality  of 
GalnAsP/GalnAs  grown  on  InP  with  all  solid  sources  is  as  good  as  that  produced 
by  any  other  method. 


1.  Introduction 

Growth  of  phosphorus-based  III-V  semiconductor  compounds  by  MBE  is  generally 
performed  with  highly  toxic  hydride  and  metalorganic  sources.  ^  A  less  hazardous  growth 
process,  such  as  that  utilizing  solid  phosphorus  and  arsenic  sources,  is  more  desirable  because 
of  reduced  environmental  and  safety  pressures.  Solid  arsenic  has  been  used  successfully  for 
the  growth  of  III-V  compounds  because  only  one  primary  form  of  arsenic  exists  within  MBE 
operating  pressure  and  temperature  ranges.  Solid  phosphorus  though  has  several  primary 
allotropes  that  have  different  vapor  pressures  for  the  same  vapor  species.  As  an  effusion  cell 
source,  red  phosphorus  has  not  resulted  in  a  reproducible  stoichiometric  growth.  This  is  due 
to  the  inherent  difficulty  in  conducting  growth  with  P4,  as  opposed  to  P2,  and  the 
uncontrolled  generation  of  the  white  allotrope  from  the  red  source  inside  the  cell.  The 
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inability  to  control  the  transformation  rate  of  the  red  phosphorus  source  to  white  phosphorus 
within  the  cell  results  in  an  uncontrollable  beam  flux.  Growth  of  lattice  matched  compounds 
such  as  GalnAsP  on  InP  with  solid  sources  is  an  impractical  goal  unless  a  constant 
phosphorus  flux  can  be  maintained.  Separate  valved  cracking  cells  designed  specifically  for 
phosphorus  and  arsenic  allows  for  such  precise  control  of  the  beam  fluxes.  The  phosphorus 
cell  used  in  these  growth  experiments  is  fundamentally  different  from  that  used  previously  to 
grow  InAsP/InP  structures.  ^ 

2.  Experimental 

The  growth  system  was  a  Riber  2300.  The  valved  cracking  cells  are  a  Riber  KPC40  for 
phosphorus  and  a  EPI  RB500P  for  arsenic.  The  arsenic  flux  is  generated  from  AS4  vapor 
supplied  by  the  arsenic  cell  oven  which  is  held  constant  during  growth  at  380  °C.  The 
phosphorus  flux  is  generated  from  P4  vapor  supplied  by  an  in-situ  generated  white 
phosphorus  source.  The  temperature  of  the  white  phosphorus  during  growth  was  25  °C. 
White  phosphorus  was  derived  in-situ  by  sublimation  of  the  red  phosphorus  at  360  °C  and 
the  condensation  of  the  P4  vapor  at  ~70  °C.  Generation  of  white  phosphorus,  using  the 
above  parameters,  for  a  period  of  5  hours  enables  the  Riber  KPC40  cell  to  operate  33  hours 
while  supplying  a  beam  equivalent  pressure  (BEP)  of  1  x  10"^  Torr.  The  cracking  zone 
temperature  during  growth  was  920  °C  for  both  cells.  The  performance  characteristics  of  the 
phosphorus  cell  has  been  detailed  elsewhere.^ 

Growth  of  the  lattice  matched  GalnAsP  layers  and  GalnAsP/GalnAs  quantum  wells 
(QWs)  were  performed  on  on-axis  (100)  Fe-doped  InP  substrates  at  temperatures  ranging 
from  480  and  500  °C.  The  GalnAsP  alloy  used  in  this  study  was  grown  using  a  P2  BEP  of 
3  X  10'^  Torr  and  As2  BEP  of  2.3  x  10“^  Torr.  The  growth  rate  of  this  alloy  was  1.5  |j,m/h. 
QWs  were  produced  by  closing  the  In  and  Ga  shutters,  switching  off  the  phosphorus  flux, 
and  pausing  for  10s  prior  to  opening  the  In  and  Ga  shutters.  At  the  completion  of  the  QW 
the  In  and  Ga  shutters  were  again  closed  and  the  phosphorus  beam  was  switched  back  into 
the  chamber  for  10s  prior  to  initiating  barrier  layer  growth.  The  pause  at  each  interface  was 
inserted  to  allow  for  equilibration  of  the  P2  beam  flux.  The  arsenic  flux  was  not  modulated 
or  switched  during  growth  to  permit  assessment  of  the  P2  beam  stability,  derived  from  the 
in-situ  white  phosphorus  source,  on  the  optical  properties  of  the  layers. 
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3.  Results 

Data  depicting  three  representative  300K  photoluminescence  spectra  of  eight  1  [xm  thick 
Gao.3oH.7oAso.68Po.32  samples  is  shown  in  Fig.  1.  All  samples,  having  been  produced  with 
the  same  growth  parameters,  show  a  maximum  (sample-to-sample)  deviation  in  the  peak 
emission  wavelength  of  130A  {AX/X  ~  0.9%).  In  terms  of  peak  emission  energy,  this  equates 
to  a  maximum  spread  which  is  <  10  meV  (at  room  temperature).  The  measured  sample-to- 
sample  deviation  in  lattice  constant  for  the  samples  was  jAa/a|  <  1  x  10"^.  This  corresponds 
to  a  maximum  variation  of  <1%  in  the  arsenic/phosphorus  stoichiometry.  The  300K  spectral 
flill-width-at-half-maximum  (FWHM)  for  seven  of  the  samples  were  between  -41-44  meV; 
the  eighth  sample  measured  63  meV  owing  to  a  change  in  substrate  temperature  during 
growth.  The  300K  peak  emission  intensities  were  also  very  similar  for  all  samples. 


1.1  1.2  1.3  1.4  1.5  1.6 

EMISSION  WAVELENGTH  (^m) 


Fig.  1  The  300K  photoluminescence  intensity  spectra  for  three 
of  the  eight  Gao  30In0.70As0.68P0.32  samples.  The  samples 
represent  the  maximum,  minimum  and  mid-range  emission 
energy  spectra  recorded  for  the  eight  epitaxial  layers. 


The  77K  photoluminescence  intensity  spectrum,  measured  with  a  LN2  cooled  Ge  detector,  of 
a  sample  with  four  QWs  is  displayed  in  Fig.  2.  The  structure  consists  of  a  1  pm  thick 
Gao.3oIno.7oAso.68Po.32  buffer  layer  followed  by  four  Ga0.30In0.70As  wells  with  thickness  of 
lOOA,  75 A,  50 A  and  25 A,  each  separated  by  a  200A  Gao.3oIno.7oAso.68Po.32  barrier  layer. 
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The  FWHMs  measured  at  77K  are  10.3  meV,  4.3  meV,  5.7  meV  and  10.8  meV, 
corresponding  to  lOOA,  75A,  50A  and  25A  well  widths,  respectively. 


Fig.  2  The  77K  photoluminescence  intensity  emission 
spectrum  of  a  sample  with  four  GaQ  jqIuq  7oAs  quantum  wells 
with  Gao.3oIno.7oAso.68Po.32  barriers. 


The  spectral  width  of  all  the  QWs  are  quite  narrow  indicating  little  phosphorus  has 
incorporated  into  either  of  the  QWs  during  growth.  This  is  directly  attributable  to  the  rapid 
on/ofF  switching  of  the  P2  beam  from  the  cell."^  The  narrow  QW  widths  also  suggest  that  the 
As/P  interfaces  undergo  no  significant  degradation  during  the  10s  pause,  independent  of  a  P2 
flux.  Somewhat  longer  pause  times  of  15s  did  not  result  in  significant  broadening  of  the  QW 
emission  spectra. 

The  results  presented  demonstrate  that  precise  control  of  the  As2  and  P2  beam  fluxes 
are  possible  using  valved  cracking  cells  that  are  of  the  proper  design.  Its  technological 
importance  as  an  eventual  replacement  for  the  more  toxic  hydrides  and  metalorganic  sources 
in  MBE  appears  promising. 
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Abstract.  Shadow  masked  growth  is  unique  in  its  ability  to  deposit  smoothly-varying  non- 
planar  epitaxial  layers  that  are  free  from  macroscopic  facets.  It  is  proposed  that  increased  lateral 
gas  phase  diffusion  and  the  absence  of  facets,  are  due  to  the  recombination  of  surface  species  with 
organic  radicals  that  are  temporarily  ’trapped’  in  the  shadow  mask  channel.  This  kinetic 
mechanism  is  supported  by  a  finite  element  analysis  model  that  accurately  predicts  the  shape  of 
the  non-planar  growth  profiles  as  a  function  of  the  shadow  mask  geometry.  This  work  also 
shows  that  in  conventional  non-planar  growth,  it  is  vapor  phase  diffusion  rather  than  surface 
diffusion,  that  is  primarily  responsible  for  facet  formation. 

1.  Introduction 

Non-planar  epitaxial  growth  allows  the  creation  of  optoelectronic  device  structures  with  novel 
opticd  waveguiding  and  electronic  confinement  properties  [1-5].  Non-planar  epitaxy  generally 
exhibits  facetting  and  the  anisotropy  of  growth  rate,  composition  and  doping  on  different 
facets  can  be  used  to  advantage.  However,  there  are  applications  where  a  high  quality, 
smoothly  varying,  non-facetted  epilayer  is  more  appropriate.  Such  applications  include 
multiwavelength  laser  arrays  [6],  wide  spectrum  LED's  [7],  integral  lenses  on  vertical  cavity 
lasers  and  a  continuous  antiguide  laser  [8]. 

Vapor  phase  crystal  growth  through  a  shadow  mask  window  allows  the  growth  of  non- 
planar  epitaxial  layers,  that  vary  smoothly  in  thickness  and  are  free  of  macroscopic  facets  [9- 
10].  Furthermore,  this  technique  appears  to  be  controllable  and  reproducible.  Originally 
proposed  many  years  ago  [11-13],  the  progress  of  shadow  masked  growth  has  been  limited 
by  the  absence  of  a  complete  understanding  of  its  physical  basis  and  by  the  lack  of  a  model  to 
accurately  predict  its  behavior.  In  this  paper,  we  show  that  if  we  take  into  account  methyl 
radicals  that  are  temporarily  trapped  under  the  shadow  mask,  we  can  accurately  describe  the 
non-planar  growth  behavior  using  a  simple  2-D  finite  element  analysis. 

2.  Shadow  Mask  Growth  Process 

Shadow  masked  growth  [3]  is  conducted  through  a  window  in  an  overhanging  mask  layer, 
that  is  suspended  above  the  growth  surface  by  a  thick  spacer  layer  as  shown  in  Fig.  1.  In  the 
shadow  masking  process  the  first  epitaxial  growth  is  terminated  by  an  Alo.6Gao.4As  layer 
(thickness  /i=3-10  |im)  and  an  undoped  GaAs  mask  layer  (thickness  1-2  |im).  Selective  wet- 
chemical  etching  is  then  used  to  open  a  stripe  window  (width  IV=15-150  |im)  in  the  GaAs 
mask  layer  and  to  undercut  the  GaAs  mask  layer,  forming  the  shadow  mask  channel. 

Our  MOCVD  shadow  mask  growths  were  conducted  at  725  ®  C,  100  Torr,  with  a  V/III 
ratio  of  50  and  using  AsHs,  trimethylgallium,  and  trimethylaluminum.  The  growth  rate  was 
nominally  500  A/min,  except  for  the  thick  AlGaAs  spacer  layers  used  in  the  mask,  where  KKX) 
A/min  was  used.  In  general  multi-layer  stacks,  consisting  of  alternating  periods  of  AlGaAs 
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(50nm)  and  AlAs  (59nm),  were  grown  as  these  allowed  the  evolution  of  the  non-planar 
features  to  be  observed. 


shadow 


Figure  1.  Perspective  view  of  shadow  mask  geometry.  The  shadow  mask  geometry  contains  a  window  of  width 
W  etched  in  an  overhanging  GaAs  mask  layer  (overhang  distance  v)  which  is  suspended  above  a  thick 
Alo.6Gao.4As  spacer  layer  of  height  h. 

3.  Characteristics  of  Shadow  Masked  Growth 

Shadow  mask  growths  were  made  for  stripes  oriented  along  the  [Oil]  and  [Oil]  directions. 
Both  stripe  orientations  showed  multiple  facets  on  the  overhanging  GaAs  mask,  however  the 
epilayers  within  the  channel  exhibit  smoothly  varying  non-planar  profiles  absent  of 
macroscopic  facetting  (Figure  2).  The  shape  of  this  non-planar  growth  was  independent  of  the 
stripe  orientation  and  the  gas  flow  direction.  For  the  [Oil]  direction  stripes,  the  mask  edge 
prior  to  shadow  mask  growth  terminated  in  (lll)B  planes,  which  are  non-growth  planes 
under  standard  growth  conditions.  During  the  shadow  mask  growth,  a  variety  of  different 
facets  were  formed  on  the  mask,  as  shown  in  Fig.  2.  In  addition,  lateral  growth  under  the 

mask  terminated  in  a  (1 1 1)B  plane.  For  [01  l]-oriented  stripes,  the  mask  edges  were  (1 1 1)A 
facets  prior  to  growth  and  these  extended  during  the  shadow  mask  growth.  In  this  case  lateral 
growth  under  the  mask  terminated  in  a  (1 1 1)A  facet. 

3.1  Kinetic  Processes  of  Shadow  Mask  Growth 

The  standard  vapor  phase  epitaxial  model  [15]  consists  of  several  kinetic  events  which  may 
occur  both  in  series  and  in  parallel.  A  schematic  of  the  general  kinetic  processes  is  shown  in 
Fig.  3.  In  general,  vapor  phase  epitaxy  consists  of  the  forward  processes  (a)  diffusion  from 
the  vapor  phase  down  to  the  adatom  (surface)  phase,  (b)  surface  migration  within  the  adatom 
phase,  and  (c)  eventual  incorporation  into  the  crystal  phase.  These  forward  processes  are 
accompanied  by  their  respective  reverse  processes  (d)  desorption  from  the  surface  phase  back 
into  the  vapor  phase  and  (e)  dissociation  from  the  crystal  phase  back  into  the  surface  adatom 
phase. 

MOCVD  growth  over  non-planar  features  traditionally  exhibits  facet  formation  that 
extends  laterally  over  distances  of  tens  of  microns.  Large  growth  rate  differences  on  these 
facets  indicate  that  there  is  lateral  diffusion  of  the  reactant  species.  These  gradients  may  exist 
either  in  the  gas  phase  (a)  or  within  the  adatom  (surface)  phase  (b).  Most  previous  studies 
have  concluded  that  these  gradients  are  formed  in  the  gas  phase  [2,16,17],  and  that  the  surface 
diffusion  length  is  quite  small.  The  existence  of  neighboring  facetted  and  non-facetted  regions 
within  the  shadow  mask  geometry,  provides  a  unique  opportunity  to  address  this  issue. 

We  have  developed  a  finite  element  analysis  model  that  calculates  the  growth  profiles 
based  upon  simplified  cases  of  the  kinetic  model.  In  all  cases,  dissociation  (e)  is  ignored.  For 


179 


the  computations,  the  shadow  mask  geometry  is  divided  into  a  square  mesh  and  a  finite 
difference  approximation  is  used  to  solve  the  individual  steady-state  diffusion  equations 
(LaPlace's  equation).  The  growth  rate  is  assumed  to  be  directly  proportional  to  the  flux  of 
source  species  incident  upon  the  growth  surface. 


Figure  2.  SEM  micrograph  of  an  [011]-oriented  channel.  The  shadow  mask  growth  consisted  of  alternating 
periods  of  Alo.15Gao.85As  and  AlAs.  The  growth  exhibits  a  smoothly  varying  thickness  profile  within  the 
shadow  mask  channel  that  is  terminated  in  a  (1 1 1)B  non-growth  plane. 
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Figure  3.  Kinetic  processes  in  vapor  phase  epitaxy. 
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4.  Finite  Element  Analysis  of  Shadow  Masked  Growth 

Three  different  sets  of  boundary  conditions  were  used  in  the  finite  element  model.  In  all  cases 
the  growth  profiles  (Figs.  4  and  5)  are  normalized  to  the  center  thickness  to  remove  the 
influence  of  the  boundary  height.  This  is  a  reasonable  assumption  under  normal  growth 
conditions  where  the  boundary  layer  is  significantly  larger  than  the  spacer  height  h,  and 
changes  in  the  boundary  layer  height  have  neglible  effects  on  the  normalized  growth  profile. 
The  experimental  data  shown  in  Figs.  4  and  5  was  obtained  by  high  resolution  SEM 
measurements. 


Figure  4,  Normalized  Finite  element  analysis  profiles,  comparing  case  (a)  the  model  containing  only  vapor 
phase  diffusion  (thick  black  line) ,  (b)  vapor  phase  diffusion  coupled  to  surface  migration  with  surface  diffusion 
lengths  Ls  =  2.0  |i,m  (thin  dotted)  and  Lg  =  4.5  jim  (thick  dotted),  (c)  vapor  phase  diffusion  with  desorption 
(thin  black)  and  experimentally  measured  profile  (■).  For  both  the  simulations  and  the  experimental 
measurements,  the  stripe  width  was  72  pm,  and  the  spacer  height  6.5  pm.  Negative  distance  values  indicate 
positions  underneath  the  shadow  mask  overhang. 

For  the  first  case  (a),  only  vapor  phase  diffusion  has  been  considered.  Here  a  constant 
concentration  of  reactants  is  assumed  at  the  top  of  the  boundary  layer  and  vapor  phase 
diffusion  occurs  to  the  growth  surface.  Once  on  the  surface  as  adatoms,  the  reactants  are 
promptly  incorporated  without  diffusing  along  the  surface.  This  case  is  similar  to  that 
examined  by  DeVlamynck  et  al  [14]  and  is  represented  as  curve  (a)  in  Fig.  4.  This  case 
predicts  an  abrupt  decrease  in  growth  thickness  underneath  the  shadow  mask,  that  is  not 
observed  experimentally. 

In  the  second  case  (b),  vapor  phase  diffusion  and  surface  diffusion  are  allowed  to  occur 
and  it  is  assumed  that  once  reactants  reach  the  surface  they  do  not  desorb.  Again  there  is  poor 
agreement  between  the  predicted  and  measured  profile.  It  is  necessary  to  assume  a  surface 
diffusion  length  of  4.5  pm  to  achieve  the  experimentally  observed  scale  of  lateral  diffusion  but 
this  gives  a  gradual  growth  profile  that  does  not  correlate  with  the  measured  profile. 

For  the  third  case  (c),  desorption  from  the  surface  (back  into  the  vapor  phase)  was 
allowed,  with  a  constant  desorption  rate  which  is  directly  proportional  to  the  concentration 
gradient  at  the  surface.  Surface  migration  was  not  allowed.  In  this  case  the  model  accurately 
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predicts  the  growth  profile  shapes,  giving  enhanced  lateral  diffusion  while  maintaining  abrupt 
thickness  reductions  for  thin  spacer  layers.  Case  (c)  accurately  predicts  the  non-planar  profile 
shape  for  a  wide  range  of  shadow  mask  geometries,  overhang  distances  v,  spacer  thicknesses 
A,  and  window  widths  W  for  a  given  growth  condition  and  a  fixed  desorption  factor. 


Figure  5.  Comparison  of  different  spacer  heights  using  the  finite  element  analysis  model  of  case  (c).  The  finite 
element  models  (solid  lines)  accurately  fit  the  experimentally  measured  shadow  mask  growth  profiles  (width 
W=18  pm,  spacer  heights  h=3.0  pm  (A)  and  h=6.5  pm  (O))  for  a  wide  variety  of  geometries. 

5.  A  Kinetic  Model  of  Shadow  Masked  Growth 

In  shadow  masked  growth,  the  simultaneous  presence  of  facetted  growth  on  the  upper  mask 
layer  and  non-facetted  growth  in  the  channel,  indicates  that  surface  diffusion  (which  will  be 
the  same  for  both  regions)  is  not  dominating  the  lateral  thickness  variation.  We  conclude  that 
vapor  phase  diffusion  is  therefore  dominant.  However,  vapor  phase  diffusion  alone  (cases  (a) 
and  (b))  does  not  predict  the  extensive  lateral  diffusion  that  is  observed  experimentally.  The 
most  accurate  prediction  occurs  when  98  %  of  reactants  that  originally  enter  the  adatom  phase, 
are  allowed  to  desorbed  back  into  the  vapor  phase.  We  propose  that  this  high  desorption  rate 
is  reasonable  if  we  consider  the  unique  geometry  of  shadow  masked  growth.  When  the 
metalorganic  precursors  decompose  they  will  liberate  methyl  radicals.  This  is  consistent  with 
the  work  of  Creighton  et  al  [18,19],  who  showed  that  the  primary  hydrocarbon  products 
from  the  decomposition  of  TMGa  on  (100)  GaAs  are  methyl  radicals.  In  the  shadow  mask 
channel  (and  especially  beneath  the  mask)  these  radicals  will  be  temporarily  "trapped"  as  their 
only  escape  route  is  through  the  mask  opening.  We  propose  that  these  radicals  recombine  with 
the  surface  group  in  species,  returning  them  to  the  vapor  phase  where  further  lateral  diffusion 
can  occur.  The  existence  of  high  concentrations  of  methyl  radicals  also  explains  the  absence  of 
facetting.  If  a  facet  begins  to  form,  for  example  in  a  local  region  where  the  growth  rate  is 
higher,  this  will  create  a  local  high  concentration  of  radicals  that  will  enhance  desorption  and 
locally  reduce  the  growth  rate. 
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6.  Conclusions 

MOCVD  growth  through  a  shadow  mask  is  unique  in  that  it  yields  non-planar  epitaxial  layers 
which  are  free  from  macroscopic  facets.  We  propose  a  kinetic  growth  mechanism  to  explain 
this  observation,  that  is  based  upon  the  recombination  of  group  III  surface  species  with  gas 
phase  methyl  radicals.  This  model  explains  the  absence  of  facetting  and  when  incorporated 
into  a  finite  element  analysis  model,  allows  accurate  prediction  of  the  non-planar  profile  shape 
for  a  wide  range  of  shadow  mask  geometries.  The  ability  to  accurately  predict  the  profile  shape 
will  allow  shadow  masking  to  be  used  in  wider  array  of  applications  and  we  anticipate  many 
more  novel  device  structures  based  on  this  improved  understanding  of  the  shadow  mask 
growth  technique. 
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Abstract:  A  selectively  grown  vertical  dual-gate  GaAs  FET  was  fabricated.  In 
contrast  to  lateral  devices  the  gate  length  is  given  by  the  thickness  of  an  evapor¬ 
ated  metal  layer.  It  can  be  easily  controlled  in  the  sub- 100  nm  region.  The  two 
gates  are  separated  by  a  Si02  layer  and  likewise  embedded  in  Si02.  A  source- 
drain  distance  smaller  than  1  /^m  is  possible.  The  DC  -  IV  characteristic  shows 
a  clear  pentode-like  behaviour  with  an  output  conductance  of  0.3  mS  for  a  total 
channel  length  of  0.25  mm.  To  study  the  optimization  of  the  device  performance, 
the  channel  width  was  systematically  varied  from  0.8  /zm  to  0.3  fxm. 


1.  Introduction 

Dual-gate  GaAs  FETs  have  been  widely  investigated  and  have  been  applied  in  mixers 
and  gain-controlled  amplifiers  (Darling  1989).  In  comparison  to  single  gate  FETs  dual¬ 
gate  FETs  show  a  smaller  output  conductance,  a  higher  power  gain  and  a  reduced 
feedback.  Some  theoretical  and  experimental  investigations  have  shown  that  a  reduction 
of  device  geometry,  in  particular  the  gate  length  and  the  source-drain  distance,  would 
further  improve  these  characteristics  (Allamando  et  al.  1982).  Using  the  concept  of 
permeable  base  transistors,  Vojak  et  al.  (1984)  constructed  a  device  with  two  metallic 
gates  to  control  the  source-drain  current.  However,  the  output  conductance  did  not 
show  the  desired  characteristics  of  a  dual-gate  FET.  This  might  be  due  to  its  geometric 
configuration,  which  is  not  like  that  of  a  dual-gate  FET.  It  might  also  be  due  to  the 
overgrowing  of  the  gate  structure  with  GaAs.  Adachi  et  al.  (1985)  suggested  that  voids 
and  crystal  defects  near  the  sensitive  gate  region  may  decrease  the  current  density. 

In  contrast  to  overgrown  or  lateral  devices,  we  constructed  a  selectively  grown  verti¬ 
cal  dual-gate  transistor  where  the  gate  length  is  given  by  the  thickness  of  an  evaporated 
metal  layer,  which  can  be  easily  controlled  in  the  sub- 100  nm  region.  The  two  gates 
are  separated  by  a  Si02  layer  and  likewise  embedded  in  Si02  (see  Fig.  1).  Since  the 
thickness  of  the  Si02  can  be  very  small,  the  total  thickness  of  this  layer  structure  and 
thus  the  source-drain  distance  can  be  smaller  than  1  //m.  This  creates  the  possibility  of 
investigating  short  channel  effects.  If  the  ratio  of  channel  width  to  channel  height  is  too 
small,  selective  epitaxy  has  to  be  used  to  fill  up  the  channels.  Selective  epitaxy,  instead 
of  overgrowing  the  structure,  results  in  a  good  GaAs  morphology  (Langen  et  al.  1994). 
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Fig.  1  Device  cross-section  of  the  selectively  grown  dual  gate  FET. 

2.  Fabrication 

Dual-gate  structure  preparation  starts  by  successively  depositing  Si02,  tungsten,  Si02, 
tungsten  and  Si02  on  a  GaAs  (100)  wafer.  The  tungsten  with  a  thickness  between  30 
nm  and  120  nm  is  evaporated  and  the  Si02  with  a  thickness  between  200  nm  and  300  nm 
is  deposited  on  the  wafer  by  plasma-enhanced  chemical  vapour  deposition.  The  channel 
width  is  defined  by  electron  beam  writing.  We  succeeded  in  constructing  devices  with  a 
channel  width  of  as  little  as  300  nm.  A  layer  of  20  nm  titanium  and  30  nm  chromium 
is  evaporated  on  the  wafer  and  partially  removed  using  a  Lift  Off  process.  This  metallic 
layer  serves  as  a  mask  for  the  following  reactive  ion  etching  (RIE),  where  vertical  tren¬ 
ches  are  defined.  The  Si02  is  etched  with  CHF3  and  the  tungsten  with  SFe.  The  etch 
process  is  controlled  by  a  laser  interferometer  which  indicates  when  a  given  layer  has 
been  removed.  Then  the  etch  gas  has  to  be  switched  from  CHF3  to  SFe  and  back  again. 
When  the  substrate  has  been  reached  the  metallic  mask  can  be  totally  removed  in  dilute 
HF  acid.  Vertical  trenches  of  the  layer  structure  can  be  achieved  by  means  of  RIE.  The 
etched  trenches  are  now  filled  up  with  n-doped  GaAs  using  selective  LP-MOVPE.  An 
ohmic  contact  to  the  source  and  drain  is  realized  by  the  deposition  and  annealing  of  a 
standard  Ni/AuGe/Ni  system.  The  tungsten  gates,  which  are  still  buried  under  Si02, 
are  partially  opened  by  RIE,  using  the  drain  metallization  as  a  self-aligned  mask  for  the 
upper  gate. 

3.  Selective  epitaxy 

Selective  growth  is  carried  out  in  an  air-cooled  horizontal  low  pressure  reactor.  N2  is 
used  as  a  carrier  gas.  The  samples  are  grown  at  a  reactor  pressure  of  20  hPa  (Hardt degen 
et  ah,  1992).  The  growth  temperature  is  650  ®  C,  the  gas  velocity  is  0.5  m/s  and  the 
V/III  -  ratio  is  50.  An  n+/n/n+  doping  profile  is  used  in  the  channels.  The  highly 
doped  regions  No  -  3  *  10^^  cm“^  reduce  the  contact  resistivity  to  source  and  drain  and 
the  lower  channel  doping  Nd  =  3  —  8  *  10^^  cm“^  gives  a  good  Schottky  contact  to  the 
gate.  Because  of  the  technological  steps  prior  to  epitaxy,  the  contaminations  have  to 
be  removed  without  attacking  the  tungsten  or  the  Si02.  We  use  dilute  HF  to  remove 
metallic  contaminations  such  as  titanium.  We  use  sulphuric  acid  to  remove  the  oxide 
from  the  GaAs.  The  trenches,  which  were  etched  by  RIE,  have  a  thickness  of  about 


Fig.  2  SEM  picture  of  the  RIE-etched  trenches  filled  with  GaAs.  The  trenches  are 
orientated  in  the  [001]  direction. 

0.5  jim  to  1  //m.  They  can  be  filled  with  GaAs  by  using  selective  epitaxy  without  any 
deposition  of  polycrystalline  GaAs  on  the  Si02  surface.  A  SEM  picture  of  a  transistor 
structure  filled  with  selectively  grown  GaAs  is  shown  in  Fig.  2.  The  channels  could  not 
be  filled  by  a  non-selective  process.  The  lateral  growth  on  the  Si02  surface  would  then 
close  the  channels  before  they  were  completely  filled  with  GaAs  grown  in  the  vertical 
direction. 

The  GaAs  growth  rate  depends  on  the  orientation  of  the  trenches  relative  to  the 
substrate.  The  growth  of  GaAs  produces  facets.  This  is  due  to  the  different  growth 
rate  of  GaAs  along  the  crystallographic  planes.  The  emerging  facets  are  characterized 
by  a  relatively  low  growth  rate.  Because  of  the  facetting,  the  GaAs  has  to  be  grown 
slightly  above  the  Si02  surface.  This  has  to  be  done  to  achieve  contact  between  the 
GaAs  and  the  side  walls  of  the  trenches.  The  electrical  measurements  presented  in  this 
paper  were  performed  on  devices  where  the  trenches  are  orientated  15  °  off  from  the  [Oil] 
towards  the  [Oil]  direction.  In  this  direction,  a  close  contact  between  the  GaAs  and  the 
channel  side  wall  can  be  achieved.  However,  at  the  end  of  the  trenches  a  gap  may  remain 
between  the  grown  GaAs  and  the  Si02/W/Si02/W/Si02  gate  structure.  This  is  due  to 
the  different  crystallographic  direction  of  the  grown  GaAs  at  the  end  of  the  trenches.  In 
order  to  avoid  short  circuits,  these  gaps  can  either  be  filled  with  a  dielectric  material  or 
the  metallic  area  can  be  aligned  for  the  ohmic  contacts  so  that  they  do  not  cover  the 
gaps. 

The  growth  rate  of  the  GaAs  in  the  trenches  is  further  influenced  by  the  ratio  of 
the  Si02  to  the  GaAs  surface  on  the  wafer.  The  growth  rate  on  a  patterned  substrate 
is  higher  than  the  growth  rate  on  a  pure  GaAs  wafer.  GaAs  growth  species  migrate  on 
the  Si02  surface  (Hiruma  et  ah,  1990),  which  can  lead  to  rough  facets.  To  prevent  these 
migrating  species  from  reaching  the  channels,  we  surrounded  the  device  trenches  with 
GaAs  areas.  These  GaAs  areas  are  of  no  significance  for  the  electrical  properties  of  the 
device,  but  lead  to  good  growth  control  and  morphology. 
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Drain  -  Source  Voltage  V^s  (V)  Drain  -  Source  Voltage  V^s  (V) 

FIG.  3  DC  I-V  characteristics  FIG.  4  DC  I-V  characteristics 

no  voltage  at  gate  2.  Vg2  =  V  at  gate  2. 


4.  Electrical  Characterization 

We  obtained  a  high  current  flow  from  source  to  drain  (  jos  =  0-5  mA/^m^  ).  We 
attribute  this  to  the  high  crystal  quality  achieved  by  using  selective  epitaxy  instead  of 
overgrowing  the  gate  structure.  The  effect  of  the  second  gate,  which  can  be  supplied 
with  an  independent  voltage,  on  the  DC-current  voltage  characteristic  can  be  seen  by 
comparing  Figures  3  and  4.  The  gate  nearer  to  the  drain  is  called  the  screen  gate  (G2) 
and  the  gate  nearer  to  the  source  is  called  the  control  gate  (Gi)  following  the  designation 
used  with  lateral  devices.  In  Figure  3  the  screen  gate  is  not  supplied  with  a  voltage  and 
the  typical  characteristic  of  a  vertical  device  is  obtained,  e.g.  a  high  output  conductance. 
Figure  4  gives  an  output  characteristic  of  a  constant  voltage  ofVG2  =  +  0.75  V  applied 
to  the  screen  gate.  A  clear  pentode-like  behaviour  with  an  output  conductance  of  0.3 
mS  for  a  total  channel  length  of  0.25  mm  can  be  observed.  To  our  knowledge,  this 
value  is  one  of  the  smallest  values  for  vertical  FETs  ever  attained.  This  demonstrates 
the  feasibility  of  a  vertical  dual-gate  FET  with  very  short  dimensions.  The  low  output 
conductance  is  due  to  the  constant  potential  at  the  screen  gate. 


Gate  2  Voltage  Vqj  (V) 

FIG.  5  Transconductance  as  a 
function  of  Vg2- 


Gate  2  Voltage  Vqj  (V) 


FIG.  6  Voltage  gain  as  a  function 
of  Vg2- 
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Table  1.  Electrical  parameters  as  a  function  of  the  channel  width. 
Uds  =  2V,  Ug2  =  0.75V,  Vgi  =  OV 


channel  width 
fj,m 

transconductance 

mS/mm 

output  conductance 
mS/mm 

gm/gd  ratio 

0.3 

69 

0.5 

138 

0.4 

63 

8 

8 

0.5 

54 

25 

2 

0.6 

32 

33 

1 

0.7 

13 

142 

0.1 

0.8 

8 

152 

0.006 

This  gate  shields  the  drain  potential  from  the  gate  next  to  the  source.  The  shielding 
mechanism  can  be  seen  in  the  formation  of  a  charge  domain  between  the  control  gate 
and  the  screen  gate  (Dollfus  P.  and  Hesto  P.,  1993). 

The  transconductance  of  the  vertical  dual  gate  FET  is  shown  in  Fig.  5.  The 
values  are  normalized  to  the  sum  of  the  total  channel  length.  This  is  the  length  of 
a  single  channel  multiplied  by  the  number  of  channels.  The  transconductance  can  be 
controlled  by  a  voltage  Vg2  applied  to  the  second  gate.  This  can  be  used  for  an  amplifier 
with  a  variable  gain.  If  Vg2  is  negative,  the  channel  can  be  pinched  off,  so  that  the 
transconductance  tends  to  zero.  But  if  a  positive  voltage  Vg2  is  applied,  the  channel 
opens  more  and  more  and  the  transconductance  rises  until  saturation.  The  output 
conductance  is  also  a  function  of  Vg25  and  it  decreases  if  the  voltage  becomes  positive. 
This  behaviour  of  the  trans conductance  and  the  output  conductance  is  advantageous  for 
obtaining  a  high  voltage  gain  V.  It  is  given  by  the  ratio  of  gm  and  ga  (see  Fig.  6). 

To  study  the  influence  of  the  channel  width  on  the  electrical  parameters,  we  varied 
the  channel  width  from  0.8  //m  to  0.3  fim.  The  results  are  summarized  in  Table  1.  We 
fabricated  these  transistors  in  the  same  epitaxy.  It  follows  that  the  channel  height  (1040 
nm),  the  cleaning  process  and  the  doping  profile  (channel  doping  Nd  =  3  *  10^®cm“^) 


Drain  -  Source  Voltage  (V)  Drain  -  Source  Voltage  Vp^  (V) 


FIG.  7  DC  TV  characteristics 

Vg2  =  -  0.25  V  at  gate  2. 


FIG.  8  DC  TV  characteristics 
Vg2  =  0.75  V  at  gate  2. 
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are  the  same  for  all  devices.  We  found  that  the  transconductance  increases  with  de¬ 
creasing  channel  width.  This  behaviour  is  well  known  for  lateral  transistors  with  very 
short  gates  and  has  proved  true  in  this  case  as  well.  The  output  conductance  decreases 
with  decreasing  channel  width  and  in  the  case  of  smaller  channel  width,  the  screening  ef¬ 
fect  of  the  second  gate  becomes  more  effective.  Through  the  combination  of  these  effects, 
the  voltage  gain  V  can  be  raised  from  V=0.1  for  a  channel  width  of  0.7  fim  to  V=138  for 
a  channel  width  of  0.3  pirn.  By  properly  adjusting  the  constant  potential  applied  to  the 
second  gate  the  DC  -  current  voltage  characteristic  can  be  switched  from  a  triode-like 
to  a  pentode-like  behaviour.  Simultaneously,  the  source  drain  current  increases  with 
increasing  gate  2  voltage,  as  can  be  seen  by  comparing  Fig.  7  and  Fig.  8.  This  is  due  to 
barrier  lowering,  which  is  caused  by  the  change  from  a  negative  to  a  positive  potential 
in  the  screen  gate  region.  The  triode-like  behaviour,  which  also  occurs  in  conventional 
vertical  transistors  with  a  single  gate,  is  associated  with  a  negative  voltage  Vg2'  When 
the  voltage  Vg2  is  changed  to  a  positive  value,  the  shape  of  the  IV  -  curve  changes  in¬ 
creasingly  to  a  pentode-like  behaviour.  As  a  result,  only  a  positive  second  gate  voltage 
is  able  to  effectively  reduce  the  output  conductance.  The  smallest  values  for  the  output 
conductance  can  be  reached  when  the  difference  Vg2  “  Vgi  is  greatest  (see  Fig.  8). 
A  limitation  on  the  growing  difference  between  Vg2  and  Vgi  is,  of  course,  the  leakage 
current  in  the  metal/semiconductor/metal  diode. 

5.  Conclusion 

We  have  demonstrated  that  a  second  gate  used  in  vertical  devices  with  aSi02/W/Si02/ 
W/Si02  gate  structure  can  be  very  useful  to  avoid  some  undesirable  short  channel  ef¬ 
fects.  In  particular,  the  output  conductance  can  be  decreased  and  thus  the  voltage  gain 
increased.  Selective  epitaxy  instead  of  overgrowing  leads  to  a  high  current  density.  For 
narrow  and  deep  channels,  selective  epitaxy  is  necessary  to  fill  up  the  channels.  The 
output  characteristic  can  be  switched  from  a  triode-like  to  a  pentode-like  behaviour  by 
a  potential  applied  to  the  screen  gate. 
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Selective  Regrowth  of  Highly  Resistive  InP  Current 
Blocking  Layers  hy  a  Low  Pressure  Metalorganic  Vapor 
Phase  Epitaxy 


Dae  Kon  Oh,  Hyung  Mun  Kim,  Chongdae  Park,  Jeong  Soo  Kim,  Seung  Won 
Lee,  HeungRo  Choo,  Hong  Man  Kim,  Hyung  Moo  Park,  and  Sin-Chong  Park 

Semiconductor  Technology  Division,  Electronics  and  Telecommunications  Research  Institute, 
Yusong  P.O.  Box  106,  Taejon  305-600,  Republic  of  Korea 

Abstract.  For  the  fabrication  of  planar  buried  hetero  structure  (BH)  lasers,  low  pressure 
metal  organic  vapor  phase  epitaxy  (MOVPE)  has  been  used  to  regrow  semi-insulating  (SI)  InP 
on  various  etched  mesa  structures.  Excellent  mesa  side  wall  coverage  without  void  and  mask 
over-growth  was  obtained  using  a  optimized  non-reentrant  etched  mesa  shape  and  a  mask 
overhang  length  less  than  1.2  pm.  The  lasers  with  highly  resistive  (  >  10^  Dcm)  SI  InP 
current  blocking  layer  exhibit  a  low  (~10  mA)  threshold  current  at  room  temperature. 
Comparison  of  laser  leakage  performance  between  different  current  blocking  layers,  i.e.,  SI 
only,  Sl/n,  Sl/n/SI/n,  and  p/n/SI/n,  has  been  carried  out.  As  a  result,  Sl/n  structure  shows  the 
lowest  leakage  performance  in  the  forward  lasing  voltage  region. 


1.  Introduction 

The  formation  of  current  blocking  layer  is  an  important  step  in  the  fabrication  of  high  bit 
rate  InGaAsP/InP  BH  lasers.  Even  though  a  few  investigations  have  been  reported,  a 
current  blocking  layer  is  still  in  interest  for  the  best  laser  performance.  Most  BH  lasers 
use  p-n  junction  for  the  current  blocking  layer  [1,2],  However,  the  reverse-biased  current 
blocking  junction  results  in  a  slow  modulation  speed  because  of  large  leakage  current  and 
parasitic  capacitance  [3].  More  recently,  lasers  with  SI  current  blocking  layers  [4,5]  have 
provided  advantages  of  high  performance  lasing  characteristics,  i.e.,  their  low  parasitic 
capacitance.  These  SI  layers  themselves  have  been  found  to  be  highly  resistive  because  of 
their  ability  to  compensate  for  shallow  donor  background  levels  by  deep  acceptor  electron- 
trap  levels.  Since  the  negative  charges  of  electrons  trapped  by  deep  level  centers  prevent 
further  injection  of  electrons  from  n-layer  into  the  SI  layer,  the  layer  becomes  highly 
resistive.  However,  when  a  SI  layer  contacts  a  p-layer,  "double  injection"  [6],  which  both 
electrons  and  holes  are  injected  into  SI  layers,  can  occur.  Therefore,  we  must  focus  on 
how  to  block  double  injection  in  the  SI  layers  for  the  fabrication  of  high  speed  BH  laser 
with  minimal  leakage  current.  In  addition,  when  MOVPE  is  used,  planarization  of  the 
final  surface  in  the  current  blocking  layer  regrowth  is  also  one  of  the  important  issues  [7]. 

In  this  paper,  we  will  describe  an  InGaAsP/InP  planar  BH  lasers  with  SI~InP 
current  blocking  layers  by  vertical  geometry  low  pressure  MOVPE,  and  report  on  the 
comparison  of  leakage  performance  between  various  SI  current  blocking  structures. 
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2.  Experimental 

The  two  MOVPE  reactor  systems  were  used  in  this  work.  One  is  the  high  speed  susceptor 
rotational  vertical  type  for  the  growth  of  1.55  jiim  MQW  double  hetero  structure  (DH) 
layer,  and  the  other  is  the  vertical  quartz  reactor  with  2  rpm  susceptor  rotation  for  SI  re 
growth  and  3rd  p-layer  growth.  The  1.55  pm  MQW  DH  layer  was  grown  on  a  (100) 
oriented  S-doped  InP  substrate.  This  hetero  structure  consists  of  a  0.1  pm  n-InGaAsP 
(1.24  pm  band-gap)  wave  guide  layer  (Si  doped,  n=lxl0l8  cm“5),  a  strained  MQW  (1.55 
pm  wavelength,  8  periods)  active  layer,  a  0.1  pm  p-InGaAsP  (1.24  pm  band-gap)  wave 
guide  layer,  and  a  0.2  pm  p-InP  clad  layer  (Zn  doped,  p=5xl0D  cm-3). 

A  mesa  stripe  was  etched  in  the  <  110>  direction  using  SiNx  mask.  The  reactive 
ion  etching  (RIE)  is  used  to  form  a  mesa  to  2.5  pm  high  and  the  chemical  etching 
(HBr:H202:H20)  adjusted  it  to  3.0  pm  high  and  the  active  region  to  2.0  pm  wide  for  the 
optimal  overhang  length.  The  selective  non-planar  growth  of  current  blocking  layers  was 
performed  with  the  MOVPE  growth  parameters  as  shown  in  Table  1.  After  the  removal 
of  SiNx  mask  and  InGaAs  cap  layer,  2  pm  thick  p-InP  clad  layer  and  0.3  pm  thick  p- 
InGaAs  ohmic  layer  were  grown.  SiNx  film  was  deposited  by  plasma  enhanced  chemical 
vapor  deposition,  and  then  5  pm  stripes  were  opened.  A  Ti/Pt/Au  p-contact  was  deposited 
and  sintered  at  425  for  30  sec  using  RTA.  The  back  of  the  n-InP  substrate  was  thinned 
to  about  100  pm  and  a  Cr/Au  n-contact  was  evaporated.  Finally,  the  Au  layer  was  plated 
on  p-contact  metal  to  aid  the  die  and  th  wire  bonding. 


3.  Results  and  discussions 

3.1.  MOVPE  grown  Fe-doped  SI  InP 

The  Sl-InP  with  the  Fe  concentrations  between  7xl0l6  cm-3  and  6x10^  cm-3  was  obtained 
by  varying  the  input  ferrocene  mole  fraction  between  6x10-6  and  1.2x10-^.  The  resistivity 
of  Sl-InP  was  ranged  between  9x10^  and  2.2x10^  Qcm  at  room  temperature.  The  highest 
resistivity  value  was  obtained  at  6x10"^  Fe/In  gas  mole  fraction  with  no  evidence  of  crystal 
defects  including  Fe-P  precipitates  by  transmission  electron  microscope  analysis.  The 
current-voltage  characteristics  of  Fe-doped  InP  are  shown  in  Fig.  1.  The  sample  with  n- 
Sl-n  type  consists  of  Ti/Pt/Au  contact(  80x80  pm^  )  and  2.6  pm  thick  SI  layer. 
Resistivity  of  the  sample  was  calculated  to  be  2.2x10^  Qcm.  A  breakdown  field  was 
approximately  9x10^  Vcm-l,  which  was  consistent  with  the  previous  work  [14].  Figure  1 
shows  that  Fe-doped  InP  is  ohmic  for  a  bias  voltage  less  than  3V.  The  increasing 
steepness  of  slope  above  3V  suggests  the  onset  of  space-charge  current  mechanism,  as 
discussed  by  Macrander  [15]. 

Table  1.  Growth  Parameters  for  Highly  Resistive  Fe-Doped  Sl-InP _ 

Growth  Temperature  =  650 
Growth  Pressure  =  76  Torr 

Ferrocene,  [  Fe(C5H5)2  ]  /  Tri  Methyl  Indium,  [  (CH3)3ln  ]  =  5.9  x  10'^ 

Total  Gas  Flow  =  5  slpm 
Growth  Rate  =5.25  pm/hr 

V/m  -  [  PH3  ]  /  [  (CH3)3ln  ]  =  130 _ _ 
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Fig.l.  I-V  Characteristics  of  Sl-InP 


Fig.  2.  SIMS  Profile  of  Fe  Atom 
in  Si/Fe/Zn  Doped  Layer. 


Depth(|im) 


3,2  Diffusion  Behavior  of  Zn/Fe/Si 


The  atomic  inter-diffiision  between  Si  and  Fe,  as  well  as,  between  Zn  and  Fe  was  observed 
by  SIMS  measurement.  Figure  2  represents  the  SIMS  doping  profile  of  a  sample 
comprising  two  different  Zn  doping  regions  (Zn+;  2x10^^  cm-3,  Zn^;  5x1017  cm-3),  the 
high  Si  doping  region  (Si+;  2xl0l8  cm-3),  and  FdZiP  and  Fe/Si+  codoped  regions.  The 
Fe  density  in  this  particular  structure  was  kept  above  the  solubility  limit  which  is  assumed 
to  be  7x1016  cin-3  at  the  growth  temperature  of  650  [16].  The  Fe  doping  profile  shown 

in  Fig.  2  suggests  the  following:  (i)  the  Fe  impurities  strongly  diffuse  to  the  Zn+  doped 
region(mark  "a")  by  zinc  stimulated  out-diffusion  of  iron  as  reported  by  E.W.A.  Young 
group  [14];  (ii)  the  Si  doped  layer  does  not  allow  the  Fe  inter-diffusion,  because  of  its 
apparent  difference  with  Zn  doped  layer,  as  marked  by  "c"  and  "a"  in  the  figure;  (iii)  the 
low  zinc  doped  InP  (Zn^)  shows  reduced  out-diffusion  behavior  of  iron  compared  to  the 
fggion  as  marked  by  "d"  and  "a",  with  the  similar  trend  of  Zn  out-diffusion  to  SI 
layer;  (iv)  the  Fe  dopants  in  VdZvP  codoped  region  have  been  gathered  from  the 
neighbored  Fe/Si  codoped  InP  layer  (marks  "g"  and  "f"),  where  as  the  Zn  did  not  move  to 
Fe/Si  codoped  layer  due  to  Si  barriers. 


3.3  Selectively  regrown  profiles  around  etched  mesas 

For  the  fabrication  of  BH  lasers,  the  non-planar  selective  regrowth  of  current  blocking 
layer  was  performed  around  an  etched  mesa  structure  by  low  pressure  MOVPE.  The 
regrowth  profile  is  sensitive  to  the  parameters  such  as  the  mesa  side  wall  shape  and  the 
extent  of  the  etch  mask  overhang.  To  understand  the  growth  mechanism  on  mesa, 
InP/InGaAs  multi-pairs  were  grown  and  etched  by  stain  etchant  to  see  the  growth  profile 
contour. 
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Table  2.  Etch  Procedures 


Sample 

Label 


Substrate 


Constituents 


reentrant  (0.2  pm) 


MQW  HD  w/o  InGaAs  cap 


HBr:H202:H20 

HBr:H202:H20 

RIE(CH4;H2) 

HC1:HN03:H20 

RIE(CH4:H2) 

BOE 

HBr:H202:H20 


reentrant  (l.l  pm) 
reentrant 
(0.4  and  0.8  pm) 
vertical 


InP[S]  bulk  sub. 
MQW  DH  with  InGaAs  cap 


MQW  DH  with  InGaAs  cap 


non-reentrant 
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Fig.  3.  Crossectional  SEM  Pictures  of  Regrowth  Profile  on  Different  Mesa  Shapes,  The 
Direction  of  All  Mesa  Stripe  is  <011  >  . 
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The  etched  mesas  capped  with  SiNx  were  produced  using  various  common  wet 
chemical  and/or  dry  etching  technique.  Figure  3  shows  SEM  cross  sections  of  various 
sample  regrown  under  low  pressure  (0.1  atm.)  in  vertical  geometry  reactor.  The  etch 
procedures  labeled  (a)  -  (e),  shown  in  Table  2,  resulted  in  general  mesa  shapes.  For  these 
samples,  all  the  stripe  orientations  were  in  the  <110>  direction  on  the  wafer  surface 
and  most  of  the  etched  mesas  have  mask  undercut  to  prevent  over  growth.  Some  re¬ 
growth  experiments  were  performed  directly  on  an  etched  InP  substrate  patterned  with 
SiNx  stripe,  and  others  were  performed  on  the  etched  MQW  DH  layers  grown  by 
MOVPE.  In  the  case  of  mask  with  overhang,  when  the  growth  reaches  the  height  of  the 
mesa,  almost  flat  surface  is  obtained.  As  the  growth  extends  beyond  the  height  of  the 
mesa,  a  shoulder  appears  at  the  edges  of  the  growing  layers  due  to  lateral  migration  of 
reactants  from  the  top  of  the  mask.  Depending  on  the  height  of  the  neck  from  the  surface 
in  the  reentrant  side  wall  shape  (shown  in  label  "a"  and  "b"),  the  growth  profile  shows  a 
little  difference  due  to  no  growth  on  the  long  side  wall  of  (lll)A  reverse  mesa  plane.  The 
vertical  side  wall  allows  the  lateral  and  the  facet  oriented  growths  besides  the  planar 
growth,  so  that  the  over-growth  may  be  more  probable  as  the  growth  exceeds  the  height  of 
the  mask.  The  non-reentrant  mesa  (labeled  "e"  -  "h"  in  Fig.  3)  gave  the  planarized  surface 
without  lateral  growth  and  mask  over-growth  as  the  most  promising  candidate  for  BH 
lasers. 

The  regrowth  of  wet  etched  mesas  in  the  <110>  directions  with  non-reentrant 
side  walls  was  made  with  the  variation  of  overhang  length.  Each  of  them  consisted  of 
etched  mesas  of  overhang  lengths  0.8,  1.2,  1.8,  and  2.1  pm  as  labeled  (e)-(h)  in  Fig.  3. 
The  planar  surfaces  were  obtained  in  all  these  samples,  differing  from  the  results  of 
atmospheric  pressure  growth  [17],  which  shows  the  anomalous  facet  growth  over  the  mask 
in  the  short  overhang  mask.  A  remarkable  difference  of  growth  profile  on  overhang 
length  was  only  the  formation  of  void  under  the  mask  shown  in  overhang  above  1.8  pm. 
This  may  be  interpreted  as  reactant  deficiency  Under  the  mask  with  long  overhang  length. 
Therefore,  the  optimized  mask  overhang  length  should  be  considered  in  the  cases  of 
various  reactor  pressures  and  etched  mesa  shapes. 

3.4.  A  comparison  of  leakage  performance  of  lasers  with  the  different  current 
blocking  structures 

The  MQW  planar  BH  lasers  of  3  pm  active  width  were  fabricated  with  SI  current  blocking 
layers  on  the  non-reentrant  mesa  side  wall.  The  different  current  blocking  structures,  i.e., 
SI  only,  Sl/n,  Sl/n/SI/n,  and  p/n/SI/n,  were  tested  for  the  best  lasing  characteristics, 
especially  the  lowest  leakage  performance.  In  Fig.  4,  the  current- voltage  characteristics  of 
these  lasers  show  the  differences  in  relative  leakage  performances  at  several  forward 
voltage  regions.  The  leakage  current  increases  at  the  lasing  region  in  the  order  of  Sl/n, 
Sl/n/SI/n,  p/n/SI/n,  and  Sl-only  structure  above  0.9  V,  where  as  at  the  voltage  region  of 
below  threshold  point,  it  increases  in  the  order  of  p/n/SI/n,  Sl/n/SI/n,  Sl/n,  and  Sl-only 
between  0.9  and  0.6  V.  The  remarkable  current  increasing  rate  in  the  laser,  with  Sl-only 
current  blocking  layer,  may  be  mainly  due  to  the  "double  injection"  in  the  p-i-n  structure. 
From  the  comparison  of  leakage  performance,  the  best  choice  was  Sl/n  structure,  even 
though  it  has  a  room  for  improvements  in  Sl/n/SI/n  and  p/n/SI/n  strucmres.  The  lasing 
performance  of  typical  Sl/n  strucmre  was  shown  in  Fig.  5,  representing  the  12  mA 
threshold  current  and  22%  slope  efficiency  at  2  mW  in  the  1.55  pm  peak  wavelength. 
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Fig.  4.  I-V  Characteristics  of  BH  Lasers  with 
Different  Current  Blocking  Structures 
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Fig.  5.  Lasing  Characteristics  of  Planar 
BH  Laser  with  a  Sl/n  Current 
Blocking  Structure. 


4.  Summary 

We  have  grown  current  blocking  layers,  including  Fe-doped  InP,  selectively  on  the  mesa 
etched  MQW  DH  epi  layer  by  low  pressure  MOVPE.  The  resistivity  of  Fe-doped  Sl-InP 
was  2.2  X  109  Qcm  at  the  6x10-5  pg/in  gas  mole  fraction.  From  the  understanding  of 
growth  profile  dependence  on  the  shape  of  side  wall  and  the  overhang  length,  the 
planarised  regrown  current  blocking  layers  were  obtained  at  the  overhang  below  1.2  pm  in 
the  non-reentrant  mesa  shape.  Using  above  results,  we  fabricated  the  1.55  pm  planar  BH 
laser  with  Sl/n  current  blocking  layer,  which  shows  the  lowest  leakage  performance 
among  Sl-only,  Sl/n,  Sl/n/SI/n,  and  p/n/SI/n  current  blocking  structures. 
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Double  heterostructure  produced  by  ordering  in  GalnP 
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Abstract.  Ordering  has  been  studied  in  Gaxlni-xP  with  x==0.52  grown  by 
organometallic  vapor  phase  epitaxy  at  a  rate  of  0.5  |Lim/hr.  The  GaAs  substrates  were 
misoriented  from  the  (001)  plane  toward  the 

[110]  direction  by  angles  of  0,  3,  6,  and  9°.  Growth  temperature  is  a  key  factor  in 
determining  both  the  rate  of  the  ordering  process,  occurring  at  the  surface  during 
growth,  and  the  annealing  process,  occurring  in  the  layer  after  growth.  Results  are 
reported  for  growth  at  temperatures  of  520°C.  These  layers  are  only  weakly  ordered. 
The  lowest  10-K  PL  peak  energy  of  1.936  eV,  about  60  meV  below  that  of  highly 
disordered  Gao.52lno.48P.  occurs  for  a  misorientation  angle  of  9°.  The  degree  of 
order,  judged  from  the  PL  peak  energy,  generally  increases  with  increasing 
misorientation  angle.  The  results  indicate  that  the  annealing  process  is  slow  at 
520°C,  but  so  is  the  ordering  process.  A  double  heterostructure  was  produced  by 
growing  sequential  layers  at  temperatures  of  740°C  (disordered),  620  °C  (highly 
ordered),  520°C  (slightly  ordered). 

1.  Introduction 

Atomic-scale  ordering  is  a  phenomenon  observed  in  essentially  all  lll/V  alloys[1].  It 
is  an  important  phenomenon  for  materials  used  in  photonic  devices  since  it  is 
known  to  produce  a  reduction  in  the  band  gap  energy[2].  In  fact,  the  use  of 
order/disorder  structures  in  GalnP  has  contributed  to  the  production  of  the  highest 
efficiency  solar  cells  reported  to  date[3]. 

Ordering  is  believed  to  be  driven  by  the  thermodynamic  stability  of  the  Cu-Pt 
ordered  structure,  with  ordering  on  {111}  planes,  at  the  (001)  surface 
reconstructed  to  produce  [110]  group  V  dimer  rows[1].  The  Cu-Pt  structure  is  not 
stable  in  the  bulk.  Thus,  high  temperature  annealing  results  in  a  decrease  in  the 
degree  of  order[4].  Kinetic  factors  also  appear  to  be  important  since,  for  example, 
high  growth  rates  of  12  pm/hr  produce  material  with  very  little  ordering[5].  The  use 
of  low  growth  temperatures  also  appears  to  decrease  the  rate  of  the  ordering 
process  occurring  at  the  surface  during  growth[6-7]. 

Surface  steps  produced  by  intentional  misorientation  of  the  nominal  (001) 
substrate  are  also  important.  For  low  growth  temperatures  (e.g.  570°C)  [110]  steps 
on  the  surface  apparently  assist  the  formation  of  the  Cu-Pt  structure  at  the  surface 
during  growth[7].  However,  for  larger  misorientation  angles  and/or  higher  growth 
temperatures  the  increase  in  the  annealing  process  occurring  below  the  surface 
during  growth  caused  by  the  [110]  steps  is  more  significant. 

This  paper  consists  of  two  parts.  The  first  involves  the  extension  of  our  earlier 
systematic  studies[7-9]  of  the  effects  of  growth  parameters  on  the  extent  and  type 
of  ordering  observed  during  organometallic  vapor  phase  (OMVPE)  epitaxial 
growth  of  GalnP  lattice  matched  to  the  GaAs  substrates.  This  paper  reports  results 
of  ordering  at  a  growth  temperature  of  520°C,  the  lowest  reported  for  OMVPE 
growth.  The  second  part  of  the  paper  involves  the  use  of  temperature  to  produce  a 


196 


disorder/order/disorder  double  heterostructure  by  using  a  different  growth 
temperature  for  each  of  the  three  Gao.52lno.48P  layers. 

2.  Experimental 

The  GalnP  epitaxial  layers  were  grown  by  OMVPE  on  semi-insulating  GaAs 

substrates  misoriented  by  angles  of  0,  3,  6,  and  9°  (±  0.5°)  in  the  [110]  direction,  to 
produce  various  densities  of  [1 10]-oriented  steps  on  the  surface.  Substrate 
preparation  consisted  of  degreasing  followed  by  a  5  min.  etch  in  a  1%  Bromine  in 
methanol  solution.  A  horizontal,  atmospheric  pressure  OMVPE  reactor  was  used. 
The  source  materials  were  trimethylgallium  (TMGa  at  -9°C),  trimethylindium  (TMIn 
at  25°C),  and  phosphine.  The  carrier  gas  was  Pd-diffused  hydrogen  with  a  flow 
rate  of  4  sIm.  The  growth  temperature  was  constant  at  520°C  for  all  layers  except 
the  double  heterostructure,  where  the  layers  were  grown  at  740,  620,  and  520°C, 
with  a  5  min.  interruption  between  layers.  The  input  phosphine  partial  pressure 
was  2.3  torr.  The  growth  rate  was  constant  at  0.5  |im/hr.  The  GalnP  layers  were 
typically  approximately  0.7  pm  thick.  Before  beginning  the  GalnP  growth,  a  0.15 
pm  GaAs  buffer  layer  was  deposited  using  TMGa  and  arsine  to  improve  the  quality 
of  the  GalnP  layers.  Good  morphology  GalnP  layers  could  be  obtained  only  when 
the  GaAs  layer  was  grown  at  a  temperature  higher  than  520°C.  For  the  layers 
described  here  a  GaAs  growth  temperature  of  670°C  was  used. 

The  solid  composition  of  the  GalnP  layers  was  measured  by  x-ray  diffraction 
using  Cu  Ka  radiation.  The  10K-PL  was  excited  with  the  488  nm  line  of  an  Ar+ 
laser.  The  emission  was  dispersed  using  a  Spex  Model  1870  monochromator  and 
detected  using  a  Hamamatsu  R1104  head-on  photomultiplier  tube.  [110]  cross- 
sectional  transmission  electron  microscope  (TEM)  samples  were  prepared  by 
cleaving  two  facets,  glued  face  to  face  and  mechanically  polished,  followed  by  Ar- 
ion  milling  to  electron  transparency  at  77  K.  The  transmission  electron  diffraction 
(TED)  patterns  and  TEM  images  were  obtained  using  a  JEOL  200  CX  scanning 
transmission  electron  microscope  operated  at  200  KV. 

3.  Results  and  Discussion 

For  the  optimized  growth  conditions,  the  surface  morphologies  of  the  epitaxial 
layers  for  all  values  of  the  misorientation  angle,  'Om.  were  mirror-like  to  the  naked 
eye  and  virtually  featureless  when  viewed  by  interference  contrast  optical 
microscopy.  A  very  slight  cross-hatch  pattern  was  observed  for  some  samples, 
even  though  the  results  of  the  x-ray  diffraction  measurements  indicates  that  they 
are  lattice-matched,  i.e.,  the  values  of  x  for  these  alloys  are  0.52+0.005. 

The  10-K  PL  spectra  for  samples  grown  on  substrates  with  misorientation 
angles  of  0-9°  to  produce  [110]  steps  on  the  surface  are  shown  in  Fig.  1 .  For 
all  four  samples,  the  PL  intensity  was  comparable  to  measurements  on  samples 
grown  at  higher  temperatures.  However,  a  major  difference  is  that  the  PL 
consists  of  two  peaks.  The  lower-energy  peak  dominates  for  the  excitation 
intensity  of  10  mW  (30  W/cm^)  used  to  obtain  these  spectra.  Increasing  the 
excitation  intensity  resulted  in  a  blue  shift  of  approximately  6  meV/decade  for  the 
lower  energy  peak  and  no  discernible  shift  in  the  high  energy  peak.  The  higher 
energy  peak  becomes  more  dominant  at  higher  excitation  intensities,  indicating 
that  it  is  due  to  band-edge  recombination  while  the  lower  energy  peak  is  due  to  a 
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Fig.  1:  10-K  PL  spectra  obtained  for  layers 
grown  at  520°C.  Substrate  misorientation 
angles  are  indicated.  Power  is  10  mW. 
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recombination  process  involving  an 
impurity.  The  peak  separation  of 
approximately  40  meV,  suggests 
involvement  of  a  residual  acceptor 
impurity. 

The  PL  peak  energy  is  plotted 
versus  misorientation  angle  in  Fig. 
2,  with  the  substrate  temperature 
during  growth  as  the  second 
parameter.  Data  are  taken  from  the 
present  study  as  well  as  from 
references  7-10.  For  the  samples 
grown  at  520°C,  the  peaks  were 
deconvoluted,  by  assuming 
Gaussian  peak  shapes,  to  obtain 
the  peak  energies.  The  data  plotted 
here  show  that  the  samples  grown 
at  720  and  620°C,  with  a 
misorientation  angle  of  3°, 
represent  the  materials  with  the 
highest  and  lowest  bandgap 
energies,  respectively.  For  high 
growth  temperatures  the  low 
degree  of  order  is  probably  due  to 
the  rapidity  of  the  annealing 
process  that  disorders  the 
material  below  the  surface  during 
growth.  In  this  case,  the  misorien¬ 
tation  angle  has  little  effect. 

For  growth  at  520°C,  the 
degree  of  order  is  low,  although 
the  samples  are  not  as  disorder¬ 
ed  as  those  grown  at  720°C.  The 
clearly  observed  decrease  in  the 
degree  of  order  with  decreasing 
growth  temperature  from  570  to 
520°C  suggests  that  annealing  is 
not  responsible  for  the  low  deg¬ 
ree  of  order.  More  likely,  the  de¬ 
crease  in  order  is  due  to  a  de- 


Fig.  2: 10-K  PL  peak  energy  versus  substrate  crease  in  the  rate  of  the  ordering 

misorientation  for  various  temperatures.  process  occurring  at  the  surface 

Only  the  high  energy  peak  is  included  during  growth.  As  the  rate  of  the 

for  the  520°c  samples.  surface  ordering  process  dec¬ 

reases,  the  time  for  the  surface 
atoms  to  rearrange  becomes 
insufficient  to  segregate  the  In  and  Ga  atoms  into  alternating  rows  before  the 
arrangement  is  frozen  by  being  covered  by  the  next  layer.  This  explains  the 
decrease  in  the  degree  of  order  as  the  temperature  is  decreased  from  570  to 
520°C.  It  also  explains  the  decrease  in  order  with  increasing  growth  rate[5].  It  is 
seen  that  for  growth  temperatures  of  both  520  and  570°C  the  PL  peak  energy 
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Fig.  3:  Schematic  diagram  of  disorder/order/disorder  double  heterostructure.  Also  shown  are  the 
TEM  image  and  the  TED  patterns  for  the  three  layers  individually. 

shrinks  as  the  substrate  misorientation  angle  increases.  This  suggests  that  in  the 
absence  of  annealing,  the  presence  of  [110]  steps  assists  the  surface  ordering 
process. 

Using  the  knowledge  of  the  effect  of  substrate  temperature  on  the  degree  of 
order,  a  disorder/order/disorder  double  heterostructure  was  produced  by  growing 
on  a  substrate  misoriented  by  3°  to  produce  [1 10]  steps.  The  first  layer  was  grown 
at  740°C  (disordered),  the  second  layer  at  620°C  (highly  ordered),  and  the  third 
layer  at  520°C  (slightly  ordered).  This  is  expected  to  result  in  a  small  bandgap 
layer  sandwiched  between  higher  bandgap  layers.  A  schematic  illustration  of  the 
structure  is  shown  for  comparison  with  the  dark-field  TEM  image  in  Fig.  3.  The 
dark  field  image  shows  that  only  the  second  layer  is  ordered.  The  TED  patterns 
shown  at  the  bottom  confirm  that  only  the  620X  layer  is  ordered.  The  PL  spectra 
at  several  excitation  intensities  from  the  double  heterostructure  are  shown  in  Fig. 
4.  By  comparison  with  our  previous  results,  the  low  energy  peak  is  determined  to 
originate  from  the  ordered  layer  grown  at  620°C.  Comparison  with  the  spectra 
seen  in  Fig.  1  indicates  that  the  two  higher  energy  peaks  originate  in  the  top  layer 
grown  at  520°C.  The  peak  from  the  layer  grown  at  740°C  is  expected  to  appear  at 
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an  energy  of  1.995  eV[10], 
as  indicated  in  Fig.  2.  It  is 
apparently  missing.  This  is 
probably  because  this  layer 
is  deeply  buried  in  the 
structure.  This  is  supported 
by  the  PL  spectra  from  a 
similar  single  heterostructure 
consisting  of  layers  grown  at 
740  and  620°C:  The  peak 
from  the  740°C  layer  is  much 
weaker  than  the  peak  from 
the  top,  620°C  layer[10].  The 
dependence  of  the  peak 
positions  on  excitation 
intensity  confirms  these 
assignments. 

4.  Conclusions 

Natural  ordering  of  GalnP  to 
form  the  Cu-Pt  structure  has 
been  studied  for  OMVPE 
growth  at  a  very  low  growth  temperature  of  520°C.  Epitaxial  layers  with  excellent 
morphology  and  strong  10-K  PL  were  produced  at  520°C  with  a  growth  rate  of  0.5 
pm/hr.  Nominally  (001)  substrates,  misoriented  by  angles  of  0,  3,  6,  and  9°  toward 

the  [110]  direction  in  the  lattice  were  used.  The  10K  PL  spectra  consist  of  two 
peaks  separated  by  approximately  40  meV.  With  increasing  excitation  energy  the 
higher  energy  peak  becomes  relatively  stronger.  The  lower  energy  peak  shifts  to 
higher  energy  with  increased  excitation  intensity  while  the  higher  energy  peak  is 
stationary.  Together,  this  behavior  suggests  that  the  low  energy  peak  is  due  to 
recombination  involving  unintentional  impurities;  thus,  the  term  "peak  energy" 
refers  here  to  the  high  energy  peak.  The  PL  peak  energies  of  1.94-1.96  eV 
suggest  that  the  samples  are  more  ordered  than  for  growth  at  720°C,  where  the 
peak  energy  is  1 .995  eV.  However,  the  order  parameter  is  much  smaller  than  for 
samples  grown  at  620°C,  with  i3m  =  3°,  where  the  peak  occurs  at  approximately 
1 .855  eV.  The  effect  of  growth  temperature  on  degree  of  order  was  exploited  to 
produce  a  disorder/order/disorder  double  heterostructure.  The  layers  were  grown 
by  sequentially  varying  the  growth  temperature  from  740°C  for  the  first  layer  to 
620°C  for  the  middle,  highly  ordered  layer,  to  520°C  for  the  top  layer. 
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Fig.  4:  PL  spectra  for  the  double  heterostructure 
shown  in  Fig.  4  for  various  excitation  powers. 


200 


REFERENCES 

1)  Stringfellow  G  B  1993  in  Common  Themes  and  Mechanisms  of  Epitaxial 
Growth,  (Materials  Research  Society,  Pittsburgh)  35-46. 

2)  Wei  S  H  and  Zunger  A  1990  Appl.  Phys.  Lett.  56  662;  Su  L  C  Pu  S  T 
Stringfellow  G  B  Christen  J  Selber  H  and  Bimberg  D  1993  Appl.  Phys.  Lett.  62 
3496. 

3)  Bertness  K  A  Kurtz  S  R  Friedman  D  J  Kibbler  A  E  Kramer  C  and  Olson  J  M  1994 
Appl.  Phys.  Lett.  65  989.. 

4)  Gavrilovic  P  Dabkowski  F  P  Meehan  K  Williams  J  E  Stutius  W  Hsieh  K  C 
Holonyak  N  Shahid  M  A  and  Mahajan  S  1988  J.  Crystal  Growth  93  426, 

5)  Cao  D  S  Kimbal  A  W  Chen  G  S  Fry  K  L  and  Stringfellow  G  B  1988  J.  Appl. 
Phys.  66  5384. 

6)  Kurtz  S  R  Olson  J  M  Arent  DJ  Kibbler  A  E  and  Bertness  K  A  1993  in  Common 
Themes  and  Mechanisms  of  Epitaxial  Growth  (Materials  Research  Society, 
Pittsburgh)  83-88. 

7)  Su  L  C  Ho  I  H  and  Stringfellow  G  B  1994  J.  Appl.  Phys.  (to  be  published). 

8)  Su  L  C  Ho  I  H  and  Stringfellow  G  B  1994  J.  Appl.  Phys.  75  5135. 

9)  Su  L  C  Ho  I  H  Kobayashi  N  and  Stringfellow  G  B  1994  J.  Crystal  Growth,  (to  be 

published). 

10)  Su  L  C  Ho  I  H  and  Stringfellow  G  B  1994  Appl.  Phys.  Lett,  (to  be  published). 


Inst.  Phys.  Conf.  Sen  No  141:  Chapter  2 

Paper  presented  at  Int.  Symp.  Compound  Semicond.,  San  Diego,  18-22  September  1994 


201 


Reflectance  Anisotropy  and  the  Ordering  Mechanism 
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Abstract.  We  use  reflectance  difference  spectroscopy  (RDS)  to  investigate  the  mechanism  of 
ordering  in  GaInP.  The  RD  spectrum  of  GalnP  includes  a  peak  at  Eq  that  scales  with  the 
order  parameter  and  decreases  significantly  at  high  and  low  growth  temperatures.  However, 
we  also  observe  in  all  GalnP  grown  by  metal  organic  chemical  vapor  deposition  (MOCVD)  a 
prominent  peak  at  3.2  eV  (absorption  depth  of  20  nm)  that  is  bulk-induced.  This  peak  does 
not  scale  with  Eq  but  decreases  only  slightly  with  growth  temperature  from  650°  to  770  °C. 
These  observations  support  a  model  that  requires  rapid  subsurface  Ga/In  interdiffusion  to 
explain  the  diminished  ordering  observed  at  high  growth  temperatures. 


1.  Introduction 

The  CuPt-type  ordered  structure  is  consistently  observed  in  MOCVD-grown  GalnP  [1-3].  It 
has  been  generally  accepted  that  the  ordering  occurs  on  or  near  the  surface  and,  as  growth 
proceeds,  is  locked  into  a  metastable  state  by  slow,  bulk  Ga/In  interdiffusion.  The  ordering 
causes  the  band  gap  of  the  GalnP  at  constant  composition  to  shift  to  lower  energy. 
Therefore,  using  band  gap  as  a  measure  of  order,  experimentally  one  finds  that  the  degree  of 
order,  under  certain  conditions,  goes  through  a  maximum  for  growth  temperatures  around 
670  °C  [4].  There  is  general  agreement  that,  for  growth  temperatures  below  670  “C,  the 
surface  ordering  is  limited  by  low  surface  mobility  of  the  Ga  and  In  adatoms.  Therefore,  at 
low  growth  temperatures  ordering  is  usually  enhanced  by  a  lower  growth  rate  or  a  surface 
with  a  higher  B-type  step  density.  However,  at  least  two  models  have  been  proposed  to 
explain  the  pronounced  increase  (decrease)  of  the  band  gap  (bulk  ordering)  for  growth 
temperatures  above  670  °C,  In  the  first  model,  the  degree  of  surface  ordering  decreases 
abruptly  as  the  growth  temperature  is  increased.  This  could  be  an  intrinsic  property  similar 
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to  a  first-order  phase  transition,  or  it  could  be  extrinsic  caused  by,  for  example,  a  loss  of 
phosphorus  from  the  surface  [5].  This  loss  of  P  destroys  the  surface  P-P  dimerization  at  a  B- 
type  surface  step  that  is  believed  to  be  important  for  an  ordered  surface  arrangement  of  Ga 
and  In  [5].  In  an  alternate  model,  the  degree  of  surface  ordering  does  not  decrease  abruptly 
with  temperature,  but  at  higher  growth  temperatures  the  kinetic  barrier  that  locks  the  ordered 
structure  into  a  metastable  state  begins  to  weaken  and  the  order  in  the  bulk  is  reduced  by 
rapid  interdiffusion  of  Ga  and  In  [6].  Again,  it  is  known  experimentally  that  real  bulk 
interdiffusion  even  at  growth  temperatures  as  high  as  750  C  is  too  slow  to  cause  this  effect 
[7],  so  this  model  suggests  the  existence  of  a  near-surface  region,  where,  due  to  injection  of 
vacancies  from  the  surface,  a  higher  rate  of  interdiffusion  is  expected.  There  is  no  direct 
evidence  for  the  existence  of  a  near-surface  transition  layer  in  GalnP,  but  enhanced 
interdiffusion  of  GaAs/AlGaAs  superlattices  near  a  free  surface  has  been  detected  by  Kim  et 
al.  [8]  using  chemical  lattice  imaging.  This  model  is  consistent  with  the  experimental 
observation  that,  at  high  growth  temperatures,  this  subsurface  disordering  effect  is 
pronounced  for  layers  grown  at  slow  rates. 

In  this  study,  we  use  RDS  to  investigate  the  parameters  that  affect  the  ordering 
mechanism  in  GaInP.  We  will  show  that  RDS  observations  support  the  model  which 
requires  rapid  subsurface  Ga/In  interdiffusion  to  explain  the  diminished  ordering  observed  at 
high  growth  temperatures.  The  data  are  also  consistent  with  the  model  proposed  for  the  low- 
temperature  kinetics-limited  regime. 

2.  Experimental 

All  of  the  samples  were  grown  by  MOCVD  at  atmospheric  pressure  using  trimethylindium, 
trimethylgallium,  and  phosphine  in  a  Pd-purified  hydrogen  carrier  gas.  The  substrates  were 
n-GaAs  misoriented  2°  to  4°  in  the  (lll)B  direction  from  (100).  The  RDS  apparatus  is 
mounted  on  the  MOCVD  reactor  chamber  with  near  normal  optical  access  to  the  substrate 
through  a  stain-free  quartz  window.  The  RDS  intensity  is  measured  as 
2x(K,^„  -K„o)/(K,y„  +  K„o)  where  K,y„  and  K„o  are  reflectances  in  the  [1 10]  and  [110] 

directions,  respectively.  Further  details  of  the  RDS  system  are  described  elsewhere  [9,10]. 

3.  Results  and  discussions 

RDS  is  sensitive  to  both  surface  and  bulk  optical  anisotropy.  As  such,  a  typical  RD 
spectrum  for  MOCVD-grown  GalnP  (Fig.  1)  is  rich  with  prominent  bulk-related  peaks  at  Eq 
and  El,  and  surface-related  features  between  2.0  and  2.6  eV  (inset  of  Fig.  1)  that  can  be 
reversibly  altered  by  annealing  the  surface  in  H2  or  a  PH3  and  H2  mixture,  or  by  exposing 
the  sample  to  air.  Details  can  be  found  in  elsewhere  [9,11].  From  theoretical  modeling 
studies[12],  we  propose  that  the  feature  at  Ei  in  Fig.  1  is  composed  of  two  peaks:  a  strong 
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positive  peak  near  3.2  eV  and  a  weaker  negative  peak  near  3.0  eV.  The  intensity  of  the  Ei 
peak  is  then  taken  as  the  peak-to-peak  sum  of  these  spectral  features.  This  has  the  added 
benefit  of  reducing  baseline  errors  in  the  vicinity  of  Ei. 

The  penetration  depth  for  photons  with  energies  near  Eq  is  of  the  order  of  several 
jim,  and  that  at  Ei  is  estimated  from  spectral  ellipsometry  measurements  by  Kato  et  al.  [13] 
to  be  about  15  nm.  Hence,  RDS  features  at  Eq  and  Ei  provide  complementary  information 
about  the  degree  of  long  range  bulk  ordering  far  below  and  near  the  growing  surface, 
respectively.  This  is  important  for  our  analysis  of  the  ordering  mechanism. 

In  Fig.  2,  we  show  a  series  of  in  situ  RD  spectra  for  a  sequence  of  layers  grown  at 
temperatures  from  730  to  770  °C  on  a  single  GaAs  substrate.  It  clearly  shows  that,  as  the 
growth  temperature  increases,  Eq  blue  shifts  and  decreases  in  intensity.  These  are  both 
indications  that  the  degree  of  ordering  in  the  GalnP  bulk  is  decreasing  with  increasing 
growth  temperature.  On  the  other  hand,  except  for  an  apparent  baseline  shift,  the  intensity 
of  the  El  peak  decreases  only  slightly  with  increasing  growth  temperature.  These  intensity 
data  for  Eq  and  Ei  (combined  with  similar  data  from  other  spectra  not  shown)  are  presented 
graphically  in  Fig.  3  as  a  function  of  growth  temperature  for  a  fixed  growth  rate  and 
phosphine  input  partial  pressure.  For  temperatures  below  730  ”C,  Ei  tracks  Eq  fairly  well. 
Below  650  °C  (which  we  call  region  I),  where  the  ordering  process  is  limited  by  surface 
diffusion,  the  intensity  of  both  peaks  decreases  with  decreasing  growth  temperature.  For 
growth  temperatures  between  650°  and  730  °C  (region  II),  the  Ei  and  Eq  features  decrease 
slightly  with  increasing  growth  temperature  and  track  with  the  surface  order  parameter 
(indicated  with  a  dash-dot  line  in  Fig.  3)  calculated  by  Osorio  et  al.  [14].  Above  730  °C 
(region  III),  however,  the  Eq  peak  intensity  falls  off  rapidly  with  growth  temperature  and  no 
longer  follows  Ei  or  the  calculated  surface  order  parameter. 

Kinetic  versus  thermodynamic  effects  are  explored  by  studying  the  time  dependent 
behavior  of  the  system.  In  Fig.  4,  we  compare  the  response  at  Ei  AR  =  -  Ruo)^  a 


Fig.  1  Typical  RD  spectrum  of  ordered 
GalnP  measured  at  22  “’C.  The  circles  are 
experimental  data  and  the  dashed  line  is  a 
guide  to  the  eye.  The  solid  line  is  a  model 
fit  obtained  from  our  recent  work  [12].  The 
RD  spectra  in  the  inset  are  measured  at  SS'C 
after  two  different  surface  treatments; 
annealed  in  H2(thin  line),  and  1%  PH3  in  H2 
(thick  line)  at  400  °C  for  several  minutes. 
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Fig.  2  RD  spectra  of  GalnP  grown  at  Tg 
between  730°  and  770  °C.  The  spectra  are 
measured  at  300  °C.  All  samples  have  a 
layer  thickness  of  about  500  A.  The  arrows 
are  indicators  of  RDS  features  at  Eq  or  Ei. 
The  inflection  of  the  feature  at  Ei  appears  to 
be  offset  at  higher  growth  temperature.  The 
offset  is  associated  with  surface  roughening. 
Surface  roughening  is  usually  observed  for 
GalnP  grown  at  high  temperature  [5]. 


1.6  2.0  2.4  2.8  3.2  3.6  4.0 

Photon  Energy  (eV) 

function  of  the  relative  growth  rate  (0,  0.25,  0.5,  and  1,  where  1  corresponds  to  a  growth  rate 
of  0.1  |J.m/min)  at  growth  tenrperatures  in  the  three  ordering  regions  of  Fig.  3.  In  Figs.  4(a), 
4(c),  and  4(d),  the  initial  signal  with  AR  ^  0  is  from  the  uncoated  GaAs  substrate  and  gives 
a  good  measure  of  the  baseline.  In  Fig.  4(a),  the  growth  temperature  is  well  within  region  I 
of  parameter  space  where  slow  adatom  surface  mobility  supposedly  limits  the  degree  of  near 
surface  and  bulk  ordering  and  slower  grow  rates  promote  more  ordering.  Here,  we  see  that 
the  signal  at  Ei  is  strongest  for  no  growth  and  decreases  monotonically  with  growth  rate. 
The  growth-to-no-growth  transient /c?r  low  growth  rates  is  relatively  fast;  for  the  highest 
growth  rates  studied  it  is  on  the  order  of  10  seconds.  If  the  next  layer  in  a  no-growth-to- 
growth  transient  is  grown  at  a  rate  different  than  that  of  the  preceding  layer,  then  the 
transient  is  modulated  by  interference  effects.  This  is  a  direct  result  of  the  fact  that  the 
growth  rate  affects  the  degree  of  order  and  therefore  the  optical  properties  of  the  GaInP[6]. 


Fig.  3  RDS  intensity  at  Eq  and  E]  vs. 

growth  temperature.  The  thin  dashed  and 

solid  lines  are  guides  to  the  eye.  The  dash- 

dotted  line  is  from  ref.  [14]  scaled  to  fit  the 

plot.  A  detailed  description  of  the  method 

for  determining  the  RDS  intensities  at  Eq 

500  600  700  800  and  Ei  is  given  elsewhere  [12]. 

Growth  Temperature  (°C) 
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For  intermediate  growth  temperatures  (region  II),  the  degree  of  ordering  and 
therefore  the  optical  properties  of  GalnP  are  relatively  insensitive  to  growth  temperature. 
This  is  a  region  where  the  surface  is  near  thermodynamic  equilibrium.  This  is  confirmed  by 
the  data  in  Fig.  4(b).  The  Ei  signal  is  virtually  independent  of  growth  rate,  and  only  a  small 
interference  effect  is  detected  in  the  no-growth-to-growth  transient. 

At  higher  temperatures  (region  III),  two  new  effects  begin  to  evolve.  Under  steady- 
state  growth  conditions,  Ei  now  decreases  slightly  with  decreasing  growth  rate.  This  is 
expected  if  1)  the  probe  depth  is  larger  than  the  proposed  subsurface  region  where  enhanced 
interdiffusion  of  Ga  and  In  occurs,  and  2)  a  slower  growth  rate  yields  a  residence  time 
within  this  subsurface  region,  which  is  comparable  to  the  Ga/In  interdiffusion  time.  This  is 
plausible  and  supports  the  subsurface  disordering  model.  However,  the  other  new  effect 
observed  at  these  higher  growth  temperatures  is  that,  under  non  steady-state  no-growth 
conditions,  Ei  exhibits  a  nonsteady  behavior  with  a  time  constant  of  several  minutes  or 
longer  (depending  on  growth  temperature  and  PH3  partial  pressure  [12]).  During  this  same 
time,  the  surface  becomes  morphologically  unstable  and  a  nonzero,  sloping  RDS  baseline 


240  360  480  600  720  840  960 


Fig.  4  Time-scan  RDS  of  GalnP  at  various 
growth  temperatures  and  growth  rates. 
Growth  temperatures  Tg  are  (a)  550  “C,  (b) 
650  "C,  (c)  730  "C,  and  (d)  750  ‘G.  The 
values  in  the  shaded  areas  are  associated 
with  growth  rates  and  are  described  in  the 
text.  The  monitoring  light  wavelength  is 
410  nm.  Essentially,  the  RDS  feature 
around  Ei  is  measured.  Due  to  a  redshift 
with  increasing  temperature,  monitoring  at 
different  positions  of  the  Ei  feature  is 
expected. 


Growth  of  GalnP 
in  PH3  at  Tg  (no  growth) 
in  ASH3  (before  growth) 
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develops  due  to  anisotropic  scattering  from  the  resulting  rough  surface.  Undoubtedly, 
surface  roughness  will  ultimately  have  an  effect  on  the  surface  ordering  process,  but  it  is  not 
clear  at  this  time  why  the  surface  roughens  or  whether  it  is  the  sole  cause  of  the  loss  bulk 
ordering.  However,  the  small  interference  modulation  between  the  first  two  layers  grown  at 
0.1  p.m/min  in  Fig.  4(d),  a  feature  which  one  can  not  explain  by  surface  roughening,  appears 
to  be  associated  with  a  change  of  the  near- surface  optical  properties  (caused  by  near-surface 
disordering)  of  the  first  layer. 

4,  Conclusion 

We  have  observed  two  ordering-induced  bulk  features  in  the  RD  spectrum  of  ordered 
GalnP:  one  is  associated  with  bulk  ordering  and  the  other  with  near-surface  or  surface 
ordering.  The  variation  of  the  two  RDS  features  with  growth  temperature  supports  the 
model  that  disordering  at  high  growth  temperatures  is  caused  mostly  by  rapid  near-surface 
Ga/In  interffusion.  RDS  observations  are  also  consistent  with  the  accepted  model  for 
ordering  at  low  growth  temperatures. 
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Abstract.  The  microstructure  in  partially  ordered  samples  of  Gag  52lno  4gP  depends 
critically  on  the  growth  parameters  and  the  orientation  of  the  substrate.  Ordering  in 
Gao  52H  48**  produces  several  unusual  optical  properties,  including  a 
photoluminescence  whose  energy  and  lifetime  depend  strongly  on  the  intensity  of  the 
exciting  light.  This  PL  process  is  correlated  with  the  appearance  of  two  variants 
(regions  partially  ordered  along  different  {111}  B  directions)  of  ordering.  These 
correlations  are  established  using  samples  produced  in  two  different  laboratories. 


1.  Introduction 

It  is  well  established  that  the  partially  ordered  samples  of  GaQ  52X0^  48P,  in  which  alternate  (111) 
planes  are  preferentially  occupied  by  Ga  and  In,  have  several  unusual  optical  properties  [1,2,3, 4]. 
Perhaps  the  most  prominent  example  of  these  unusual  optical  properties  is  the  reduction  of  the 
optical  band  gap  in  the  partially  ordered  samples.  There  also  exists  a  splitting  of  the  valence 
band,  the  appearance  of  an  absorption  that  "tails"  into  the  gap,  and  a  photoluminescence  (PL) 
emission  whose  peak  energy  and  radiative  lifetime  both  depend  strongly  on  the  intensity  of  the 
exciting  light.  In  what  follows  we  shall  call  this  unusual  PL  property  the  moving  PL  emission 
process.  Although  unusual  features  occur  in  the  PL  spectra  in  many  partially  ordered  samples 
of  GaQ  52lnQ  4gP,  we  shall  document  that  rapidly  moving  emission  occurs  only  in  materials  that 
contain  two  variants  of  the  ordering,  i.  e.,  regions  partially  ordered  along  different  (111)  B 
directions.  In  some  two-variant  samples,  rates  for  the  shift  of  the  PL  peak  energy  with  excitation 
intensity  can  be  as  large  as  1 8  meV  per  decade  of  change  in  excitation  intensity,  and  PL  lifetimes 
can  be  as  long  as  10  ms  at  low  excitation  intensities  [3,4].  These  long  lifetimes  have  been  used 
as  evidence  that  the  PL  process  occurs  between  carriers  that  are  spatially  separated  [2,4]. 
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2.  Experimental  details 

The  four  samples  investigated  in  this  study  were  grown  by  atmospheric  pressure  organometallic 
vapor  phase  epitaxy  (OMVPE)  using  standard  techniques  as  described  elsewhere  [5].  Pairs  of 
samples  were  grown  under  essentially  identical  conditions  in  reactors  at  NREL  and  Utah.  The 
first  pair  of  samples  was  grown  on  substrates  misoriented  6®  toward  { 1 1 1}  B  under  conditions 
where  only  one  ordered  variant  is  observed.  We  shall  call  these  samples  single-variant  samples. 
The  Utah  sample  was  grown  at  670  C  with  a  growth  rate  of  about  1  pm/h  and  a  V/III  ratio  in 
the  source  gases  of  160.  The  NREL  sample  was  grown  at  700  C  with  a  growth  rate  of  5.5  pm/h 
and  a  V/III  ratio  of  80.  Transmission  electron  diffraction  (TED)  measurements  indicate  that  both 
samples  are  strongly  ordered  with  only  one  variant.  Transmission  electron  microscopy  (TEM) 
photographs  show  that  these  samples  are  relatively  homogeneous  within  the  domains. 

The  second  pair  of  samples  was  grown  on  substrates  oriented  exactly  on  { 100}  under 
conditions  where  two  variants  of  ordered  domains  are  known  to  occur.  We  shall  call  these 
samples  two-variant  samples.  Both  the  Utah  and  NREL  samples  were  grown  at  670  C  at  a 
growth  rate  of  0.5  pm/h  and  a  V/III  ratio  of  510.  TED  measurements  show  the  presence  of 
two  variants,  and  a  streaking  of  the  superspots  along  the  growth  direction  indicates  a  distribution 
of  small  domain  dimensions  in  this  direction  in  both  of  these  samples.  TEM  photographs  show 
small,  platelet-like  domains  with  one  dimension  as  small  as  20  to  30  A.  These  domains  are 
organized  into  macro-domains  whose  dimensions  are  much  larger  (on  the  order  of  1000  A). 
Within  these  macro-domains  the  boundaries  between  the  individual  domains  are  probably  anti¬ 
phase  boundaries  where  the  ordered  cation  planes  change  from  indium-rich  to  gallium-rich,  and 
vice  versa,  over  a  few  lattice  spacings. 

The  continuous  wave  (cw)  PL  and  PL  excitation  spectra  were  obtained  at  5  K  using 
experimental  techniques  also  described  elsewhere  [4,5].  Time  resolved  PL  spectra  were  taken 
using  an  acousto-optic  modulator  to  produce  a  pulsed  source  and  a  digital,  signal-averaging 
oscilloscope  to  collect  the  PL  data. 


3.  Results 

A  typical  PL  spectrum  for  the  Utah  single-variant  sample  is  shown  in  Fig.  1 .  [The  spectrum  for 
the  NREL  single-variant  sample  is  effectively  identical  in  all  important  aspects.]  This  spectrum 
contains  two  PL  peaks.  The  lower  energy  peak  changes  in  shape  slightly  with  increasing 
excitation  intensity.  The  higher-  and  lower-energy  PL  peaks  are  consistent  with  excitonic 
recombination  and  an  unresolved  combination  of  band-acceptor  and  donor-acceptor-pair 
recombination,  respectively.  These  recombination  processes,  including  the  subtle  changes  that 
occur  with  excitation  intensity  (see  Fig.  1)  are  very  similar  to  those  that  often  occur  in 
homogeneous,  binary  III-V  compounds.  The  position  of  the  excitonic  PL  peak  in  this  sample 
at  about  1.92  eV  clearly  indicates  that  the  material  is  ordered.  In  Ga^.52l^.48^^  where  the  cation 
sublattice  is  a  random  distribution  of  Ga  and  In,  the  excitonic  PL  at  5  K  occurs  at  2.0  eV  [6]. 

The  PL  behavior  in  the  two-variant  samples  is  markedly  different.  Typical  PL  spectra 
are  shown  as  a  function  of  the  power  density  of  the  exciting  light  in  Fig.  2  for  the  NREL  two- 
variant  sample.  The  behavior  of  the  PL  shown  in  Fig.  2  is  very  unusual.  The  major  PL  peak 
shifts  continuously  through  a  manifold  of  states  at  a  rate  of  more  than  10  meV  per  decade  of 
excitation  power  density  for  a  total  shift  of  more  than  70  meV  for  power  densities  varying 
between  approximately  3  )uW/cm^  and  300  W/cm^.  The  situation  is  even  more  striking  in 
Fig.  3  where  similar  data  are  shown  for  the  Utah  two-variant  sample.  In  this  case  the  major  PL 
peak  shifts  by  about  18  meV  per  decade  of  incident  excitation  power  density,  and  the  total  shift 


209 


Figure  1.  Dependence  of  the  PL  on  exciting  light  intensity  in  the  Utah  sample  of  single- 
variant,  partially-ordered  GaQ  52!%  48?.  The  laser  powers  listed  as  10  mW  and  1  pW 
correspond  to  power  densities  at  the  sample  of  300  mW/cm^  and  30  pW/cm^, 
respective!)'.  See  text  for  details. 


Figure  2.  Dependence  of  the  PL  on  exciting  light  intensity  in  the  NREL  sample  of  two- 
variant,  partially-ordered  Ga^  g2lnQ  4gP.  For  the  PL  peaks  jfrom  low  energy  to  high 
energy,  the  laser  power  densities  at  the  sample  are  3  pW/cm^,  300  pW/cm^,  30 
mW/cm^,  3  W/cm^,  and  300  W/cm^,  respectively.  See  text  for  details 
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Figure  3.  Dependence  of  the  PL  on  exciting  light  intensity  in  the  Utah  sample  of  two- 
variant,  partially-ordered  GaQ  52!^)  43?.  For  the  PL  peaks  from  low  energy  to  high 
energy,  the  laser  power  densities  at  the  sample  are  3  pW/cm^,  30  pW/cm^,  300  pW/cm^, 
3  mW/cm^  300  mW/cm^,  3  W/cm^,  and  300  W/cm^,  respectively.  See  text  for  details 


from  a  power  density  of  approximately  3  pW/cm^  to  300  W/cm^  is  over  120  meV.  The  same 
data  are  replotted  on  a  semi-logarithmic  scale  in  Fig.  4.  This  figure  emphasizes  the  fact  that 
there  appears  to  be  a  high  energy  cut-off  to  the  PL  emission  that  is  fairly  independent  of  the 
excitation  intensity.  This  feature  is  probably  related  to  the  "band-tails"  that  are  observed  for 
these  samples  in  PL  excitation  experiments  [5,7]. 

There  are  at  least  two  PL  peaks  in  the  spectra  of  the  two-variant  samples  [3,4].  In 
this  paper  we  concentrate  only  on  the  dominant  PL  peak  that  moves  dramatically  with  the 
intensity  of  the  exciting  light.  A  careful  examination  of  the  data  in  Figs.  2  and  3  shows  that  there 
are  clearly  quantitative  differences  between  the  two  samples  that  were  made  under  nominally 
identical  growth  conditions.  As  mentioned  above,  in  the  case  of  the  one-variant  samples,  only 
one  of  which  is  shown  in  Fig.  1,  the  optical  properties  are  both  qualitatively  and  quantitatively 
similar  despite  the  fact  that  the  growth  conditions  were  not  identical.  It  is  clear  that  the  two- 
variant  samples  that  are  highly  ordered  are  much  more  sensitive  to  precise  conditions  of  growth. 
We  speculate  that  this  situation  results  because  the  optical  properties,  such  as  the  rapidly  moving 
PL  emission,  are  dominated  by  interfaces  separating  domains  ordered  in  different  directions. 
From  the  TEM  results  it  is  clear  that  the  microstructures  are  much  more  complicated  in  these 
two-variant  samples  than  they  appear  to  be  in  the  single-variant  samples. 

The  moving  PL  emission  in  the  two-variant  samples  is  also  a  very  slow  process  [4]. 
When  excited  by  pulsed  laser  excitation,  this  component  of  the  PL  exhibits  a  slow  rise  and  a  slow 
decay,  both  of  which  that  may  be  on  the  order  of  ms  at  low  power  densities.  The  PL  rise  and 
decay  rates  both  increase  roughly  in  proportion  to  the  intensity  of  the  exciting  light,  and  the 
decay  is  highly  non-exponential  as  is  evident  from  the  data  shown  in  Fig.  5  for  the  Utah  two- 
variant  sample.  The  data  in  Fig.  5  were  taken  using  an  exciting  light  intensity  of  300  pW/cm^ 
and  the  PL  was  detected  at  1 .77  eV,  which  is  near  the  position  of  the  peak  of  the  PL  at  this 
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Figure  4.  Semi-logarithmic  plot  of  the  data  of  Fig.  3.  Note  the  high  energ}'  "cut-olF’  of 
the  PL  intensities.  See  text  for  details. 


Figure  5.  Time  decay  of  PL  in  Lftah  sample  of  two-variant,  partially-ordered 
GaQ  52lnQ  4gP.  The  excitation  power  density  is  300  pW/cm^  and  the  PL  is  detected  at 
1 .77  eV.  See  text  for  details. 


excitation  power  as  shown  in  Fig.  3.  Note  that  the  PL  decay  is  well  approximated  by  a  power 
law  at  times  greater  than  about  0.2  ms.  If  the  excitation  intensity  is  decreased  by  an  order  of 
magnitude  and  the  PL  detected  at  the  same  energy,  then  the  decay  curve  is  shifted  one  decade 
to  longer  times  but  is  otherwise  unchanged  in  shape  on  a  log-log  plot.  If  the  PL  is  detected  at 
a  different  energy,  then  the  decay  curve  exhibits  a  slightly  different  shape,  which  also  can  be 
scaled  in  time  for  different  excitation  power  densities.  These  time  resolved  data  are  consistent 
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with  earlier  cw  data  [4]  that  indicated  a  decay  of  the  moving  PL  emission  that  was  essentially 
independent  of  PL  energy  at  a  given  excitation  power  density,  but  that  decreased  by 
approximately  an  order  of  magnitude  for  each  decade  increase  in  excitation  power  density. 
Although  a  detailed  microscopic  interpretation  of  these  results  is  not  currently  available,  it  is 
encouraging  to  note  that  there  is  general  reproducibility  between  samples  made  in  different 
laboratories,  even  for  the  two-variant  materials  where  the  microstructure  depends  critically  on 
the  growth  conditions. 


4.  Summary 

Both  the  microstructure  and  the  optical  properties  of  single-variant,  partially-ordered  films  of 
Gao  52^%)  48^  reproducible  between  laboratories.  At  the  growth  temperatures 

employed  these  samples  exhibit  relatively  large  ordered  domains  and  the  optical  properties  are 
similar  to  those  observed  in  disordered  (random  placement  of  Ga  and  In  on  the  cation  sublattice) 
Gao  52^%  48^  except  for  the  reduction  in  the  optical  band  gap.  In  the  case  of  two-variant 
samples,  the  reproducibility  is  qualitatively  good,  but  there  are  quantitative  differences  in  the 
optical  properties  that  probably  result  from  detailed  differences  in  the  microstructure.  These 
samples  exhibit  a  PL  whose  peak  energies  and  lifetimes  vary  rapidly  with  the  power  density  of 
the  exciting  light.  This  unusual  behavior  may  be  related  to  the  interfaces  between  domains  that 
are  partially  ordered  along  different  { 1 1 1}  B  directions. 

Acknowledgements 

This  research  was  supported  by  the  Office  of  Naval  Research,  the  National  Renewable  Energy 
Laboratory,  and  the  Department  of  Energy. 


References 

[1]  Gomyo  A,  Kobayashi  K,  Kawata  S,  Hino  I,  Suzuki  T  and  Yuasa  T  1986  J.  Cryst.  Growth  77  367-73. 

[2]  Fouquet  J  E,  Robbins  V  M,  Rosner  S  J  and  Blum  O  1990  AppL  Phys.  Lett.  57  1 566-8. 

[3]  DeLong  M  C,  Taylor  P  C  and  Olson  J  M  1990  Appi  Phys.  Lett.  57  620-2. 

[4]  DeLong  M  C,  Ohlsen  W  D,  Viohl  I,  Taylor  P  C  and  Olson  J  1991J.  AppL  Phys.  70  2780-7. 

[5]  DeLong  M  C,  Mowbray  D  J,  Hogg  R  A,  Skobiick  M  S,  Hopkinson  M,  David  J  P  R,  T aylor  P  C,  Kurtz  S  R  and 
Olson  J  M  1993  J.  AppL  Phys.  73  5163-72. 

[6]  DeLong  M  C,  Mowbray  D  J,  Hogg  R  A,  Skobiick  M  S,  Williams  J  E,  Meehan  K,  Kurtz  S  R,01son  J  M,  Wu  M 
C  and  Hopkinson  M  \99^AlPConf.  Proc.  306  529-32. 

[7]  DeLong  M  C,  Hogg  R  A,  Mowbray  D  J,  Skolnick  M  S,  Taylor  P  C,  Olson  J  M,  Kurtz  S  R  and  Kibbler  A  E  1 992 
AIP  Conf.  Proc.  268  332-7. 


Inst.  Phys.  Conf.  Ser.  No  141:  Chapter  2 

Paper  presented  at  Int.  Symp.  Compound  Semicond.,  San  Diego,  18-22  September  1994 
©  1995  lOP  Publishing  Ltd 


213 


Composition  and  structure  analyses  on 
spontaneously  formed  AlGaAs  superlattice¬ 
like  structures  on  (100)  GaAs 

S.  S,  Cha,  Y,  K.  Shin,  H.  I.  Jeon,  Z.  S.  Piao,  K.  Y.  Lim, 

E.-K.  Suh,  Y.  H.  Lee,  D.  K.  Kim‘,  B.  T.  Lee',  and  H.  J.  Lee 

Semiconductor  Physics  Research  Center  and 
Department  of  Physics 

Jeonbuk  National  University,  Jeonju  560-756,  KOREA 

Department  of  Metallurgical  Engineering 
Chonnam  National  University,  Kwangju  500-757,  KOREA 

Abstract.  AlxGai-xAs  superlattice-like  structures  are  spontaneously  formed 
during  the  nominally  homogeneous  epitaxial  layer  growth  on  2”  off  (100) 
GaAs  substrate  by  the  metalorganic  chemical  vapor  deposition.  The 
structures  are  observed  in  the  range  of  nominal  A1  gas  composition  range  of 
Xg  =  0.1~0.3,  The  solid  composition  x  values  constituting  the  well  are 
shown  to  be  constant  ~ 0.035  regardless  of  the  Xg  value.  Meanwhile  the 
barrier  composition  increases  with  Xg  and  exhibits  the  maximum  value  at 
Xg  =  0.25.  The  well  width  decreases  with  increasing  growth  temperature  Tg 
and  increasing  Xg,  and  the  barrier  width  increases  with  Tg.  The  period  is 
almost  independent  of  Tg  and  increases  with  decreasing  x^-. 


1.  Introduction 

The  natural  superlattices  (NS),  which  can  spontaneously  formed  during 
the  growth  of  nominally  homogeneous  epitaxial  layers  of  some  III-V 
ternary  alloys,  are  well  evidenced  in  the  materials  with  miscibility  gap  [1], 
Even  though  AlGaAs  alloys  do  not  have  miscibility  gap,  in  bulk  materials 
Pefroff  et  al.[2]  have  observed  the  spontaneously  formed  multilayer 
structure  in  MBE-grown  AlGaAs  films  on  (110)  oriented  GaAs  substrates. 
Kuan  et  al.[3]  also  have  reported  monolayer  superlattices  of  AlGaAs  grown 
by  both  methods  of  MBE  and  MOCVD. 

In  this  report  we  present  NS  structures  in  MOCVD-grown  AlGaAs 
alloys,  which  are  quite  different  form  from  those  reported  so  far. 
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2.  Experiment 


AlGaAs  epilayer  were  grown  by  low-pressure  MOCVD  system  using  TMAl, 
TMGa,  and  AsHs  (20%  in  H2).  The  layers  were  grown  on  (100)  GaAs 
2°  off  toward  (110)  using  a  constant  V/HI  ratio,  100.  The  reactor 
pressure  was  kept  atmospheric,  and  bubbler  pressures  of  TMGa  and  TMAl 
were  1,100  and  800  Torr,  respectively.  Typical  growth  rate  is  lO.BAyfeec 
and  the  epilayer  thicknesses  are  2~4//m. 

The  layer  characteristics  were  examined  as  functions  of  A1  gas 
composition  and  growth  temperature  Tg.  Various  methods  such  as 

double  crystal  X-ray  diffraction  (DCXD),  Raman  scattering  (RS), 
transmission  electron  microscopy  (TEM)  and  photoluminescence  (PL)  were 
used  in  analyzing  the  layers. 


3.  Results 

The  present  analyses  exhibit  that  superlattice-like  structures  are 
spontaneously  formed  with  clearly  defined  interfaces  modulated  along  the 
growth  direction.  These  structures  are  quite  different  from  those  reported 
so  far,  no  plate-like  structures  being  observed  in  the  present  layers.  The 
[110]  cross-section  dark  field  micrographs  were  obtained  by  TEM(JEOL 
2000EX)  and  one  of  the  typical  results  is  shown  in  Fig.  1. 


Figure  1.  TEM  [110]  cross-section  micrograph 
of  AlGaAs  natural  superiattice-like 
structures  with  xg  =  0.20.  Bright  region 
indicates  barrier. 


Figure  2.  Multilayer  formation  as  a  function  of 
xj;  and  T^. 
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Figure  3.  Composition  variation  with  nominal  Figure  4.  The  average  Al  composition  variation 
gas  composition.  with  growth  temperature. 

Two  phases  of  AlGaAs  layers  are  clearly  observed  in  a  series  of 
alternating  layers  parallel  to  the  substrate  surface.  These  structures  are 
observed  in  a  very  wide  ranges  of  xg  and  Tg  as  shown  in  Fig.  2. 

The  structures  and  compositions  were  determined  by  comprehensive 
analyses  using  DCXD,  RS  and  TEM  all  together.  The  epilayers  are 
composed  of  alternate  layers  with  different  Al  concentration  when  Xg  is 
0.1  to  0.3.  The  lower  x  values  constituting  the  well  of  the  superlattice 
are  in  good  agreement  with  the  PL  data  and  show  almost  constant, 
~  0.035,  regardless  of  the  xg  value.  Meanwhile  the  barrier  composition 
increases  with  xg  up  to  xg  =  0.25  :  the  Al  concentration  varies  from  0.32 
to  0.54  and  the  variation  is  shown  in  Fig.  3.  The  weighting  averaged  Al 
compositions  show  growth-temperature- dependency  and  increase  with  Tg 
as  shown  in  Fig.  4. 

The  interfaces  between  consecutive  layers  are  planar  and  compositionally 
abrupt.  Fairly  good  periodic  structures  were  obtained  for  the  Xg  values 
0.15 ~ 0.25.  One  period  thickness  increases  with  decreasing  Xg  and  is 
almost  independent  of  growth  temperature.  But  the  well  and  barrier 
widths  vary  with  Xg  and  Tg  as  shown  in  Figs.  5  and  6.  The  well  width 
decrease  with  increasing  Tg  and  vice  versa  in  the  barrier  width. 


A  (A) 
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Tg  ("C)  '*’9 

Figure  5.  Well  width  variation  with  growth  Figure  6.  Barrier  width  variation  with  growth 

temperature.  temperature. 


4.  Summary 

We  observed  for  the  first  time  the  superlattice  structures  of  AlGaAs 
spontaneously  grown  on  (100)  GaAs  substrate  during  the  homogeneous 
epitaxial  growth.  The  structure  and  composition  of  the  superlattice  were 
studied  as  functions  of  the  A1  gas  composition  and  the  growth 
temperature. 

This  work  wark  was  supported  by  the  Korea  Science  and  Engineering 
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Hyperabrupt  Si-doping  profile  in  MOVPE  growth  of 
varactor  diodes 
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To  obtain  very  short  and  steep  electrical  pulses  a  transmission  line  containing  nonlinear 
varactor  diodes  can  be  used.  Such  diodes  require  a  precisely  controlled  doping  profile  with  a 
relatively  lowly  doped  graded  layer  on  top  of  a  highly  doped  buried  contact  layer. 

We  have  grown  GaAs:Si  varactor  diodes  by  MOVPE  using  disilane  as  the  dopant  source. 
A  wide  range  of  growth  conditions  was  used  to  investigate  the  influence  of  these  parameters 
on  the  doping  mechanism  and  the  obtained  doping  profiles.  To  avoid  a  high  background 
doping  level  after  the  growth  of  an  buried  layer  an  annealing  step  at  825°C  was  necessary. 
This  annealing  step  allows  for  the  subsequent  growth  of  layers  with  background  doping  levels 
below  2  El 5  cm"^  and  a  very  sharp  doping  front  as  required  for  the  varactor  diode. 


1.  Introduction 


A  MMIC  nonlinear  transmission  line  (NLTL)  periodically  loaded  by  varactor  diodes  can  be 
used  as  a  source  of  picosecond  electrical  transients.  The  most  promising  applications  are 
frequency  multipliers  with  several  hundred  gigahertz  output  frequency  and  pulse  generators 
that  can  drive  very  fast  sampling  diodes  enabling  300  GHz  instrument  bandwidths. 

The  characteristics  of  the  NLTL  depend  mainly  on  the  geometry  and  the  doping 
profile  of  the  diodes.  They  must  have  a  strongly  varying  depletion  capacitance,  small 
parasitic  elements  and  a  breakdown  voltage  sufficient  to  support  the  wave  amplitudes  of 
several  volts.  This  requires  a  highly  doped  buried  NMayer  on  a  semiins ulating  GaAs 
substrate  which  serves  as  the  diode  cathode  connection  with  a  resistance  as  low  as  possible. 
The  cathode  is  covered  by  a  hyperabrupt  n-doped  active  layer  of  about  450  nm  thickness  (fig. 
1).  A  steep  doping  profile  results  in  a  strong  voltage  dependence  of  the  capacitance  and  a 
reduced  number  of  diodes  necessary  for  optimum  performance  of  the  NLTL. 

The  growth  of  a  n“-layer  on  top  of  a  highly  doped  N'^-layer  by  MOVPE  has  been 
studied  and  optimized  with  respect  to  the  desired  well  controlled  hyperabrupt  doping  profile. 


2.  Experimental  procedure 

MOVPE  growth  of  the  GaAs  layer  structure  was  performed  in  a  horizontal  reactor  at  a  total 
pressure  of  70  hPa  and  at  growth  temperatures  between  600°C  and  825°C.  Starting  materials 
were  pure  arsine  and  trimethyl  gallium  (TMGa).  Disilane  diluted  in  hydrogen  was  used  for 
n-type  doping.  The  structures  were  grown  on  undoped,  semi-insulating  (100)  GaAs 
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undoped  substrate 

highly  doped  region 
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lS+16  lE+17  lE+18  lE+19 

N[D]-N[A]  (cm-3) 


0.9  1  1,1  1,2 


deposition  temperature 
(1000/T[1/K]) 


Fig.l.  Schematic  of  desired  doping  Fig.  2.  Arrhenius  plot  of  carrier  concentration 

profile  for  varactor  diode  (at  300  K)  in  dependence  on  growth 

temperature 

a)  silane  [2]  b)  disilane  [2] 

c)  disilane  (this  study)  po  =  6.9  E-5  Pa 

"epiready"  substrates  (LEC-grown)  without  additional  substrate  preparation  and  on  Si- 
doped  (100)  GaAs  (Bridgman-grown)  after  standard  chemical  cleaning. 

Deposition  temperature,  doping  flow  and  Si2H6/TMGa  mole  fraction  ratio  were 
varied  in  the  fabrication  of  both  doped  and  undoped  layers  to  study  the  influence  of  these 
parameters  on  the  doping  mechanism  and  the  obtained  doping  profiles.  Carrier  concentration 
profiles  have  been  measured  by  electrochemical  capacitance-voltage  profiling  (ECV)  in  a 
Polaron  profiler  using  tiron  as  the  electrolyte.  The  spatial  resolution  in  this  method  is  given 
by  the  triple  Debye  length  due  to  free-electron  leakage  and  is  about  130  nm  for  the 
undoped  (  [Nd-Na]  ^  1  E16  cm'^ )  and  about  10  nm  for  the  highly  doped  ([Nd-Na] 
==  2-3  E18  cm'^  )  region.  To  allow  for  an  evaluation  of  the  lowly  doped  part  of  the  active 
region  an  additional  undoped  layer  of  400  nm  has  been  inserted  on  top  of  the  N  -layer  in 
some  cases. 

For  the  fabrication  of  varactor  diodes  Schottky  contacts  are  made  with  a  Ti/Pt/Au  lift¬ 
off  process  and  ohmic  contacts  to  the  N'^-layer  are  formed  by  a  recess  etch  through  the 
n-layer.  The  diode  area  is  defined  by  an  H'^-implantation  converting  the  surrounding  areas 
into  semiinsulating  material.  By  this  process  varactor  dimensions  of  down  to  10  pm^  are 
obtained. 


3.  Results  and  discussions 

For  the  growth  of  a  varactor  diode  a  group  VI  donor  offers  a  higher  doping  level  and  thus  a 
smaller  resistance  of  the  buried  cathode  layer.  However,  selenium  as  the  group  VI  donor 
employed  in  MOVPE  of  GaAs  suffers  from  memory  effects  due  to  the  strong  adsorption  of 
H2Se  on  the  steel  tubing  [1].  This  makes  the  desired  steep  doping  profile  difficult  to  achieve. 
Thus  we  used  Si  as  the  dopant  in  our  experiments  which  offers  the  additional  advantage  of  a 
lower  diffusion  coefficient. 

Disilane  was  chosen  as  the  dopant  source,  not  only  due  to  its  higher  doping  efficiency 
in  comparison  to  silane.  Disilane  has  also  been  reported  to  show  a  Si  incorporation  behaviour 
which  is  nearly  independent  of  temperature  in  the  usual  range  of  growth  temperatures  [2],  In 
our  own  experiments  this  could  not  be  completely  verified.  Fig.  2  shows  the  Arrhenius  plot 
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Fig. 3.  Doping  profiles  of  different  structures 

a)  continous  growth;  b)  annealed  after  growth  of  NMayer;  c)  varactor  diode 

of  the  obtained  carrier  concentration.  At  our  growth  conditions  the  incorporation  efficiency 
increases  with  increasing  the  temperature  from  600°C  to  675  °C  and  then  again  decreases 
from  675°C  to  825°C.  SIMS  measurements  show  that  it  is  the  Si  concentration  that  changes 
with  temperature.  It  is  approximately  10  %  higher  than  the  measured  carrier  concentrations 
in  fig.  2.  The  observed  temperature  dependence  of  Si  incorporation  from  disilane  shows  that 
also  growth  parameters  like  linear  flow  velocity  (3  m/s)  or  V/III  ratio  (210)  affect  the  doping 
process. 

First  attempts  of  growing  the  desired  structure  showed  that  on  top  of  the  buried  N^- 
layer  a  background  doping  of  1-2  E 17  cm‘^  was  obtained  even  up  to  thicknesses  of  1  pm  of 
the  intentionally  undoped  layer  (fig.  3a).  Comparison  of  ECV-  and  SIMS  profiles  showed 
that  at  a  net  carrier  concentration  of  3.5  E18  cm'^  the  Si  concentration  was  1.2  E19  cm'^  and 
outdiffusion  of  the  not  electrically  active  Si  on  interstitial  sites  was  suspected  as  the  reason 
for  the  high  doping  level  in  the  top  layer.  However,  reduction  of  the  Si  concentration  in  the 
N'^-layer  to  =  1  E18  cm'^  (i.e.  below  the  level  of  saturation  of  Si  incorporation  as  a 
substititional  donor)  resulted  only  in  a  slight  reduction  of  the  background  doping  level. 

The  desired  steep  gradient  can  be  obtained  if  after  the  growth  of  the  highly  doped 
layer  an  annealing  step  is  carried  out.  After  annealing  at  825°C  for  20  min  under  210  Pa  of 
arsine  the  following  layer  shows  a  background  doping  level  of  below  2  El 5  cm'^  (fig.  3b). 
The  doping  level  could  not  be  precisely  evaluated  since  the  depletion  zone  extends  down  to 
the  front  of  the  N'^-layer.  This  annealing  step  also  is  effective  if  the  Si  concentration  is 
already  above  the  saturation  level.  During  the  annealing  step  different  processes  can  take 
place.  Si  incorporated  in  GaAs  deposits  on  the  quartz  liner  tube  and  the  graphite  susceptor 
can  be  desorbed  or  converted  into  a  stable  configuration  thus  eliminating  memory  effects. 
Such  deposits  can  act  as  an  only  slowly  depleting  Si  source  giving  rise  to  a  constant 
background  doping  level  over  a  considerable  layer  thickness  as  seen  in  fig.  3a.  Also  Si 
segregating  on  the  growing  surface  can  be  desorbed  at  high  temperatures  in  MOVPE. 
However,  a  constant  background  doping  level  of  above  1  El 7  cm‘^  due  to  Si  segregation 
appears  to  be  rather  unlikely  since  6-doping  has  successfully  been  demonstrated  [3].  Finally 
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Fig.  4.  a)  Capacitance  versus  bias  voltage  extracted  from  microwave  measurements  in  the 
frequency  range  of  1  to  50  GHz 

b)  1  -  carrier  concentration  profile  calculated  from  capacitance  values  in  a) 

2  -  ECV  profile  (for  comparison) 

the  annealing  step  can  affect  the  vacancy  concentration  in  the  N'^-layer.  The  enhanced  carrier 
concentration  on  top  of  the  contact  layer  seen  in  fig.  3b  points  to  an  enhancement  of  the  Si 
activation  by  switching  from  interstitial  sites  to  Ga  lattice  sites.  This  should  reduce  the 
tendency  for  Si  outdiffusion  into  the  undoped  layer.  The  importance  of  each  of  these 
processes  still  has  to  be  clarified. 

Using  this  growth  interruption  and  annealing  scheme  layer  structures  with  a 
hyperabrupt  doping  profile  have  successfully  been  grown.  Fig.  3c  shows  the  ECV  profile  of 
such  a  structure.  To  obtain  the  desired  steep  increase  in  the  active  layer  the  disilane  partial 
pressure  has  been  ramped  from  1.75  E-5  Pa  to  1.4  E-4  Pa  while  the  TMGa  partial  pressure 
was  reduced  from  4  Pa  to  1  Pa.  Fig.  4a  shows  the  capacitance  of  the  diode  in  dependence  of 
the  bias  voltage.  The  doping  profile  calculated  from  these  data  is  in  excellent  agreement  with 
the  desired  profile  (fig.  4b).  For  the  low  concentration  region  between  0.25  pm  and  0.45  pm 
a  precise  quantitative  evaluation  of  the  doping  level  from  the  microwave  measurements  is 
not  possible.  It  can  only  be  stated  that  the  doping  level  is  below  2  El 6  cm" .  For  comparison 
also  the  profile  obtained  by  ECV  is  shown. 


4.  Conclusions 

The  results  of  MOVPE  growth  for  varactor  diodes  with  a  hyperabrupt  doping  profile  are 
presented.  The  growth  of  1-2  pm  thick  N^-doped  layers  results  in  a  high  background  doping 
level,  which  can  be  suppressed  by  an  annealing  step  at  825°C.  Annealing  reduces  the 
background  doping  to  values  lower  than  2  El 5  cm’^  and  yields  a  steep  transition  between  the 
N^-layer  and  the  undoped  region.  This  way  the  doping  profile  necessary  for  varactor  diodes 
has  been  realized  and  first  NLTL  are  under  fabrication. 
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Abstract.  Quantum  wells  with  very  thin  top  barrier  layers  in  the  range  of 
several  nanometers  are  strongly  influenced  by  the  surface.  We  have  studied 
the  time  resolved  photoluminescence  of  Gain  As  quantum  wells  as  a  function 
of  the  distance  to  the  surface  and  of  the  quantum  well  width  to  probe  the 
strength  of  the  coupling.  For  top  barrier  thicknesses  below  5  nm  a  strong 
emission  line  shift  to  higher  energies  is  observed  which  is  due  to  the  influence 
of  the  high  vacuum  potential  at  the  surface.  The  excitonic  lifetime  decreases 
strongly  for  top  barrier  thicknesses  less  than  10  nm.  Calculations  for  the 
barrier  layer  dependent  probability  to  find  electrons  within  a  5  nm  thick 
trapping  layer  at  the  surface  reproduce  the  measured  data  very  well. 


1.  Introduction 

Influences  of  the  surface  on  the  properties  of  quantum  well  (QW)  structures  have 
become  of  considerable  interest  during  the  last  years  [1].  QWs  allow  to  study  the  influence 
of  the  surface  on  a  several  nanometer  thick  volume  within  the  semiconductor  [2].  By 
changing  the  distance  of  the  QW  to  the  surface  the  strength  of  the  interaction  is  variable. 
This  allows  a  systematical  investigation  of  the  underlying  physical  processes. 

We  report  on  the  optical  properties  of  GalnAs/GaAs  QWs  as  a  function  of  the 
GaAs  top  barrier  thickness  and  the  well  width.  We  observe  with  decreasing  top  barrier 
thickness  a  shift  of  the  emission  line  to  higher  energies  and  a  strong  broadening.  Simul¬ 
taneously  the  emission  intensity  and  lifetime  are  strongly  reduced.  A  model  taking  into 
account  the  properties  of  the  surface  (vacuum  potential  and  surface  states)  and  a  finite 
top  barrier  thickness  is  in  good  agreement  with  the  observed  behaviour. 

2.  Experiment 

Sets  of  QWs  with  various  top  barrier  thicknesses  were  prepared  by  a  wet  chemical 
etch  process.  We  used  5  and  15  nm  thick  QWs  grown  by  molecular  beam  epitaxy 
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(MBE)  with  Indium  contents  of  20%  and  13%,  respectively.  The  growth  temperature 
was  580  for  GaAs  and  520  for  GalnAs.  For  the  etch  process  we  used  a  highly 
diluted  H2S04:H202:H20  etchant  (ratio  1:10:6000)  with  an  etch  rate  of  0.25  nm/s.  This 
allows  us  to  controll  the  top  barrier  thickness  within  an  accuracy  of  ±1  nm  (further 
details  in  Ref.  [3]). 

We  performed  continous  wave  (cw)  and  time  resolved  photoluminescence  (PL)  spec¬ 
troscopy  at  liquid  helium  temperature.  The  samples  were  excited  for  the  cw  experiments 
by  an  Ar-ion  laser  (A=514  nm)  with  a  density  of  about  10  W/cm^.  A  Ti:Sapphire  laser 
(A=827  nm)  with  a  pulse  length  of  2  ps  and  a  power  peak  density  of  70  kW/cm  was  used 
for  the  time  resolved  measurements.  The  emission  signal  was  detected  after  dispersion 
by  a  32  cm-monochromator  by  a  CCD-  or  a  streak  camera. 


3.  Photoluminescence  Results 

Figure  1  shows  the  PL  spectra  of 
the  etched  5  nm  Gao.8lno.2As  QW  for 
top  barrier  thicknesses  of  16,  4,  1  and  0 
nm.  We  observe  a  distinct  PL  line  shift 
to  higher  energies  with  reduced  top  bar¬ 
rier  thickness.  Simultaneously  the  line 
broadens  and  the  intensity  decreases 
about  three  orders  of  magnitude.  The 
PL  spectra  at  the  bottom  shows  within 
the  etch  accuracy  the  emission  of  a  sur¬ 
face  QW,  where  the  GaAs  top  barrier 
layer  is  completely  removed.  Here  the 
low  energy  discontuinity  of  the  semi¬ 
conductor  is  replaced  by  the  high  po¬ 
tential  of  the  vacuum.  We  determine 
a  blue  shift  of  33  meV  in  comparison 
to  the  unetched  reference  sample  with 
a  16  nm  thick  top  barrier  layer. 


Figure  1.  5K  PL  spectra  from  a  5  nm 
Gao.8lno.2As  QW  for  top  barrier  thicknesses 
of  16,  4,  1  and  0  nm. 


4.  Model  and  Discussion 

In  figure  2  the  energy  shift  of  the  PL  lines  of  the  5  and  15  nm  wide  QWs  is  plotted 
versus  the  top  barrier  thickness.  The  blue  shift  for  the  5  nm  QW  starts  already  at  about 
5  nm  top  barrier  thickness.  The  large  energy  shift  up  to  the  GaAs  band  edge  is  due  to  the 
reduction  of  the  GalnAs  layer  indicated  as  negative  values  of  the  top  barrier  thickness 
in  the  figure.  The  15  nm  QW  shows  even  for  the  surface  QW  a  weak  energy  shift.  Only 
when  the  thickness  of  the  GalnAs  layer  is  reduced  we  observe  a  QW  width  related  shift. 

The  shift  of  the  emission  lines  can  be  modeled  when  the  high  vacuum  potential 
is  taken  into  account.  The  solid  lines  in  figure  2  display  calculations  assuming  a  finite 
top  barrier  thickness  and  a  5  eV  potential  [4]  at  the  surface.  In  the  vacuum  we  take  the 
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free  electron  mciss  as  effective  mass.  The  calculations  are  in  good  agreement  with  the 
experimental  data.  They  explain  the  energy  shift  for  non  zero  top  barrier  thicknesses  for 
the  5  nm  QW  as  well  as  the  significantly  smaller  shift  for  the  15  nm  QW.  The  reason 
for  the  difference  is  the  low  quantization  energy  of  the  15  nm  QW.  This  causes  a  lower 
sensitivity  of  the  energy  eigenstate  on  the  replacement  of  the  GaAs  top  barrier  layer  by 
the  vacuum  potential. 


Top  Barrier  Thickness  (nm) 

Figure  2.  PL  line  energy  shift  as  function  of  the  top  barrier  thickness  for  etch  series  of  a  5 
nm  Gao.8lno.2As  QW  and  a  15  nm  Gao.87Ino.13As  QW.  The  solid  lines  represent  calculations 
assuming  a  finite  GaAs  top  barrier  layer  with  a  5  eV  vacuum  potential  at  the  surface.  A 
negative  top  barrier  thickness  corresponds  to  a  reduction  of  the  GalnAs  layer. 

Figure  3  shows  the  electron  wave  functions  corresponding  to  the  energy  eigenstates 
of  the  5  nm  QW  with  0,  1,  5  and  10  nm  top  barrier  thickness.  The  maximum  of  the  wave 
function  shifts  into  the  semiconductor,  when  the  top  barrier  thickness  is  reduced  from  5 
to  0  nm.  This  is  due  to  the  repelling  of  the  wave  function  into  the  semiconductor  by  the 
high  vacuum  potential.  At  the  surface  the  wave  function  decreases  very  quickly,  because 
of  the  large  discontinuity  and  the  free  electron  mass  in  the  vacuum.  These  effects  cause 
an  enhancement  of  the  confinement  resulting  in  an  enlarged  quantization  energy,  which 
is  observed  in  the  PL  spectrum  cts  a  blue  shift.  Above  5  nm  thick  barrier  layers  the  wave 
function  does  not  change  significantly.  This  leads  to  constant  transition  energies. 

Due  to  the  penetration  of  the  wave  function  into  the  GaAs  top  barrier  layer  there  is 
a  nonzero  probability  to  find  carriers  at  the  surface.  The  surface  is  characterized  besides 
the  vacuum  potential  by  a  high  density  of  midgap  surface  states  [5].  Therefore  carriers 
in  near  surface  QWs  have  two  main  recombination  channels:  Radiative  recombination 
in  the  QW  and  nonradiative  recombination  at  the  surface.  The  mecisured  lifetime  r  is 
the  sum  of  both  recombination  processes  [6] . 

The  capture  process  of  carriers  for  example  by  impurities,  defects  and  acceptors 
can  be  characterized  by  a  capture  cross  section.  The  theory  by  Lax  et.  al.  [7]  describes 
the  recombination  process  by  a  trap  as  a  capture  of  carriers  into  a  potential  followed 
by  a  relaxation  through  bound  states  via  phonon  emission.  Therefore  we  express  the 
lifetime  for  the  nonradiative  recombination  at  the  surface  by  the  probability  P  to  find 
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Top  Barrier  Thickness  (nm) 


Figure  3.  Electron  wave  functions  for  a  5  nm  Gao.8lno.2As  QW  with  a  0,  1,  5  and  10  nm  thick 
top  barrier  layer.  The  dashed  lines  mark  the  surface  position  for  each  wave  function.  Note 
the  strong  decrease  of  the  wave  function  in  the  vacuum  and  the  shift  of  the  maximum  due  to 
the  reduction  of  the  top  barrier  thickness.  The  inset  shows  calculations  for  the  probability  to 
find  an  electron  within  a  4.5  nm  thick  trapping  layer  at  the  surface.  The  probability  saturates 
when  the  trapping  layer  is  shifted  into  the  Gain  As  layer. 

an  electron  within  a  trapping  layer  of  the  thickness  multiplied  by  the  capture  time  tc 
for  surface  states.  We  obtain  for  the  lifetime  r 


T  Tr  Tc 

where  tr  is  the  life  time  for  radiative  recombination  in  the  QW. 

The  inset  in  figure  3  shows  the  calculated  probability  to  find  an  electron  within  an 
4.5  nm  thick  trapping  layer  at  the  surface  in  dependence  of  the  top  barrier  thickness. 
The  probability  P  increases  strongly  with  reduced  top  barrier  thickness.  The  value  is 
10'^  for  a  10  nm  top  barrier  layer  and  0.6  for  a  surface  QW.  For  top  barrier  layer 
thicknesses  lower  than  4.5  nm  the  trapping  layer  is  shifted  into  the  optically  active  well 
region.  This  causes  a  saturation  of  the  probability  P  as  shown  in  the  inset.  We  observe 
this  saturation  effect  in  the  top  barrier  thickness  dependence  of  the  PL  intensities.  The 
5  and  15  nm  thick  QWs  show  after  a  strong  decrease  of  about  three  orders  of  magnitude 
a  low  constant  intensity  below  5  nm  top  barrier  thickness.  This  is  consistent  with  the 
value  choosen  for  the  trapping  layer  thickness  in  the  calculations. 

Figure  4  displays  the  measured  lifetimes  for  the  5  and  15  nm  QW  versus  the  top 
barrier  thickness.  We  observe  for  both  QWs  a  strong  decrease  of  the  lifetime  beginning 
at  a  certain  value.  The  onset  of  the  decrease  scales  with  the  QW  width  and  starts  for 
the  15  nm  QW  at  lower  top  barrier  layers.  The  slope  of  the  decrease  is  for  both  samples 
similar. 
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Figure  4.  Lifetime  as  a  function  of  the  top  barrier  thickness  for  5  nm  and  15  nm  wide  QWs. 
The  solid  lines  represent  calculations  assuming  nonradiative  recombination  within  a  4.5  nm 
trapping  layer  at  the  surface  determined  by  the  probability  of  the  electrons  within  this  layer. 

The  solid  lines  represents  calculations  according  to  Eq.  (1).  We  used  for  the  ra¬ 
diative  lifetimes  tr  the  measured  values  for  the  as  grown  samples  with  thick  top  barrier 
layers.  A  capture  time  tc  of  165  fs  was  used,  which  is  on  the  time  scale  for  electron- 
phonon  scattering  processes  [8]  [9].  The  trapping  layer  thickness  was  4.5  nm. 

The  model  fits  the  measured  data  with  one  set  of  parameters  very  well.  The 
difference  between  both  curves  is  explained  by  the  different  probabilities  to  find  the 
electrons  within  the  trapping  layer.  The  slope  of  the  decrease  is  determined  by  the 
exponential  decrease  of  the  wave  function  in  the  top  barrier  layer.  It  is  similar  for  both 
samples,  because  the  important  parameter  is  the  energetic  distance  between  the  electron 
energy  level  and  the  GaAs  barrier. 


5.  Summary 

We  have  investigated  the  influence  of  the  surface  on  the  optical  properties  of  Gain  As 
QWs  located  at  different  distances  to  the  surface.  The  emission  line  shifts  to  higher 
energies  with  reduced  top  barrier  thickness.  The  blue  shift  scales  with  the  QW  width 
and  reaches  33  meV  for  a  5  nm  Ga{),8lno.2As  surface  QW  without  GaAs  top  barrier  layer. 
The  PL  line  of  a  15  nm  thick  QW  shows  only  a  blue  shift  when  the  optically  active  layer 
itself  is  reduced.  This  behaviour  is  in  good  agreement  with  calculations  assuming  a  finite 
top  barrier  layer  with  a  5  eV  vacuum  potential  at  the  surface. 

Time  resolved  measurements  have  shown  that  the  excitonic  lifetimes  are  already 
influenced  for  top  barrier  thicknesses  below  around  10  nm.  The  life  time  decreases 
strongly  below  a  certain  value  of  the  top  barrier  thickness,  which  is  for  the  15  nm  QW 
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lower  than  for  the  5  nm  QW.  A  model  taking  into  account  nonradiative  recombination 
of  electrons  within  a  4.5  nm  thick  trapping  layer  at  the  surface  describes  the  observed 
behaviour  very  good.  The  dominating  parameter  is  the  probability  to  find  electrons 
within  this  trapping  layer. 
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Photoinduced  near-surface  electric  field  screening  in 
GaAs/AlGaAs  MQW  structures. 

V.N.Astratov,  O.Z. Karimov,  Yu.A. Vlasov. 

A.F.  Ioffe  Physical -Technical  Institute,  194021  St. -Petersburg,  Russia. 

Abstract.  The  paper  is  devoted  to  the  stucfy  of  interaction  mechanisms  between  quantized  states  and 
neighbouring  surfaces.  The  surface/well  interaction  was  detected  by  photoluminescence  (PL)  of  quantum 
wells  (QW)  located  at  nanometric  distances  from  the  structure  surface.  The  redshift  and  the  strong 
quenching  of  QW  PL  line  were  observed  with  thinning  of  the  top  barrier  by  wet  etching.  The  mechanism 
accounting  for  the  band  bending  and  quantum  confined  Stark  effect  is  maintained.  In  oreder  to  study  field 
screening  processes  the  QW  PL  was  investigated  in  a  wide  temperature  and  excitation  power  ranges. 
Under  strong  pumping  the  indication  on  field-induced  charge  build-up  in  near-surface  QW  was  found  due 
to  observation  of  PL  line  broadening  effect.  It  is  shown  that  the  latter  process  can  lead  to  the  transition  of 
near-surface  field  screening  pattern  from  linear  to  pronounced  step-like  sh^. 

1.  Introduction. 

The  interaction  of  states  confined  in  quantum  wells  (QW)  with  nearby  surfaces  and  interfaces  are  of 
major  significance  to  the  optical  and  electrical  properties  of  IQ-V  based  nanostructures.  In  particular  it 
defines  the  radiative  properties  of  ultrasmall  objects  such  as  etched  quantum  wires  and  dots  [1].  A 
relative  new  and  promising  possibility  of  studying  the  surfece/well  interaction  is  offered  by  the  optical 
spectroscopy  of  near-surfece  QWs  [2-7].  This  method  involves  nanoscale  variation  of  the  suifece/well 
separation  by  epitaxial  growth  or  etching  of  the  top  barrier  layer.  The  interaction  with  the  surfece  is 
detected  by  the  photoluminescence  (PL)  from  a  near-surfrce  QW  considered  as  a  kind  of  local  optical 
probe  of  the  surfrce  influence.  The  latest  spectroscopic  study  of  the  near-surfrce  QWs  has  revealed  a 
con5)lex  pattern  of  interactions  with  various  kinds  of  surfaces,  the  major  models  proposed  for  their 
description  being:  (i)  The  influence  of  the  potential  discontinuity  at  the  surfrce  given  by  the  electron 
affinity  of  the  semiconductor  [3];  (ii)  Tunnelling  coupling  with  surfece  states  [2];  (iii)  The  ambipolar 
tunnelling  model  [4]  accounting  for  the  formation  of  photoinduced  dipole  across  the  top  barrier  due  to 
asymmetric  tunnelling  conditions  for  electrons  and  holes.  These  models  are  characterized  by  relatively 
small  distances'  scale  (<  1 5  OA)  of  the  surfrce/well  interaction  determined  by  the  tunnelling  length. 

The  paper  presented  concerns  the  interaction  with  wet-etched  and  sulphur-passivated  surfrce 
in  GaAs/AlGaAs  system.  Due  to  observation  of  long-range  interaction  (>300 A)  we  maintained  the 
mechanism  caused  by  near-surface  band  bending  and  quantum-confined  Stark  effect  (QCSE)  [5-7].  We 
observed  that  the  redshift  under  punning  is  accortqianied  by  a  strong  broadening  of  PL  line.  These 
results  indicate  the  possibihty  of  field-induced  charge  build-up  in  QWs  and  formation  of  step-like 
character  of  nonequilibrium  field  distribution. 

2.  Experimental  details. 

The  experimental  study  of  the  PL  of  near-surfece  QW  as  a  fimction  of  the  distance  from  the  surface  is 
usually  provided  by  the  set  of  the  samples  with  different  top  barrier  thickness  d.  The  variation  of  the 
distance  d  can  be  performed  by  MBE  growth  or  by  etching  on  the  different  depth  of  the  set  of  samples 
cuted  from  the  same  wafer.  However  this  techniques  gives  rize  to  the  noncontrollable  divergence  as  of 
the  surfrce  properties  defined  in  different  experiments,  so  the  properties  of  the  sanq)les  in  a  given  set. 
This  fact  leads  to  significant  scattering  of  the  experimental  data  making  the  interpretation  difficult.  In 
the  paper  presented  we  propose  the  new  technique  that  allows  to  overcome  these  difficulties.  It  is  based 
on  using  the  gradient  'wedge-like'  MQW  san:5)le. 
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The  MQW  gradient  structures  were  grown  by  MBE  without  substrate  rotation.  The  average 
width  of  QWs  numbered  opposite  to  the  growth  order  were  consequently:  1-13A,  2-20A,  3-30^  4- 
38A,  5-53A,  6-77A  The  QWs  were  separated  by  AlGaAs  (x=0.3)  barriers  with  200A  average  width. 
The  MQW  region  was  sandwiched  between  two  AGaAs  (x=0.4)  layers  2200A  thick.  Due  to  variation 
of  the  growth  rate  along  the  nonrotating  substrate  the  widths  of  all  the  QWs  and  the  barriers  smoothly 
changed.  ITius  the  structure 


possesses  a  pronounced  Svedge-like' 
geometry  shown  on  the  inset  of  Fig. 
1.  which  is  characterized  by  the 
increasing  angle  formed  by  the  plane 
of  the  substrate  and  planes  of 
different  interfeces  sequentially 
grown  fer  and  fer  away  from  the 
substrate.  The  parameters  of  the 
structure  were  controlled  by  local 
optical  measurements.  The 
uniformity  of  the  barriers  A 
percentage  was  checked  by  well 
resolved  barrier  exciton  peak  in 
reflectance  spectra.  The  thickness 
gradients  of  the  barriers  were 


Fig.  1  PL  spectra  measured  at  different  positions  of  laser  spot  on 
the  surface  of  as-grown  'wedge-like'  structure.  Inset.  Schematic 
view  of 'wedge-like'  sample  (not  to  scale).  The  etched  part  shown  by 
dotted  lines.The  arrows  marked  A,  B  represent  different  positions  of 
excitation  spot  corresponding  to  different  spectra. 


controlled  by  laser  reflectometry,  and  that  of  the  GaAs  layers  by  PL  of  corresponding  QWs.  Fig.  I 
presents  the  set  of  low-terq)erature  (T=2K)  PL  spectra  measured  with  excitation  by  a  focused  laser 
spot  (~0. 1mm  diameter)  at  different  points  (A-Q  along  the  gradient  direction.  It  can  be  seen  that  the  PL 
lines  corresponding  to  QWs  of  different  width  display  the  bhiediift  from  spectra  ^  to  C  that  is  naturally 
explained  by  the  thinning  of  the  structure.  The  changing  of  the  QW  width  reached  3-4%/mm  along  the 
gradient  direction.  Note  that  a  given  energetic  position  of  PL  peaks  is  strictly  corresponds  to  a  given 
point  on  the  structure  that  permits  hte  identification  of  the  excitation  ^ot  position  directly  from  the  PL 
data.  The  results  from  both  methods  (PL  and  reflectometry)  were  found  to  be  in  a  good  agreement  and 
showed  equal  relative  changing  of  widths  of  the  barriers  and  wells  in  accordance  with  described  above 
'wedge-like'  geometry. 

In  order  to  decrease  the  distance  d  from  QW  to  the  surfece  the  wet  etching  in  highly  diluted 
sulphuric-peroxide  etchant  was  used.  During  etching  the  surface  was  transferred  to  the  depth  S  deep 
into  the  structure  being  parallel  to  its  initial  plane  and  crossing  different  QWs  (see  inset  Fig.  1).  The 
surfece  was  passivated  after  etching  by  Na2S  deposition  to  enhance  the  PL  efficiency  according  to  the 
method  [14].  The  continuous 
variation  in  nanoscale  of  the 
distance  from  QWs  to  the  surfece 
can  be  easily  realised  in  PL 
experiments  by  the  shift  of  the 
position  of  excitation  spot  along 
the  sairple.  The  surfece  properties 
in  thus  obtained  san^le  are  fixed 
along  it,  because  they  were  defined 
during  one  cycle  of  etching- 
passivation  treatment  and  only  one 
parameter  to  be  changed  -  the 
distance  from  QW  to  the  surface. 

Thus  the  proposed  technique 
permits  to  avoid  the 


1.00x10^ 

2K 

0.75x10^ 

7 

0  50x10^ 

0  25x10^ 

0 

7 

Jl 

1O0  W/ctn^ 


JV 


4  B 

‘10 


1  5 


16 


18 


Fig.  2  PL  spectra  of  the  'wedge-like'  sample  measured  before  (a)  and 
after  etching  (b)  from  the  same  point.  T^2K,  excitation  intensity 
lOOW/cm^. 

noncontrollable  diversity  of  the  samples  and  their  surfece  properties  sirrplifying  the  interpretation  of  PL 
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3.  Results  and  discussion. 

The  PL  was  excited  by  a  focused  beam  of 488  mn  line  of  Ar-laser.  The  PL  spectra  were  measured  with 
a  double  monochromator  and  a  standard  photon  counting.  The  excitation  power  was  lOOW/cm^ 
(except  the  experiments  on  PL  pumping  dependences  discussed  in  section  3.3). 

Figure  2, a  shows  the  typical  PL  spectrum  from  nonetched  sample.  The  spectrum  shown  on 
Fig.  2,b  was  measured  from  the  same  point  on  the  sample  after  wet-etching.  Note,  that  the  spectral 
position  of  PL  peaks  from  deeply  embedded  QWs  (marked  6-7)  can  be  used  for  control  the  coincidence 
of  the  position  of  excitation  spot  before  and  after  etching  because  these  wells  are  insensitive  to  the 
surface  influence.  It  can  be  seen  from  Fig.  2,b  that  the  etching  of  the  stmcture  results  in  disappearance 
of  PL  lines  1  -  3  that  can  be  naturally  attributed  to  the  etching  away  of  corresponding  QWs.  The 
corq)arison  of  the  spectra  of  Fig.  2  shows  that  the  approaching  of  the  surface  to  the  QW  (here  the  QW 
4)  is  acconq)anied  by  the  two  main  spectroscopic  effects:  the  redshift  of  corresponding  PL  line 
maximum  and  drastic  quenching  of  its  intensity.  For  the  detailed  study  of  these  effects  we  perform 
experiments  with  variable  distance  from  QW  to  the  surface  and  variable  intensity  of  exciting  light. 

3.1.  PL  dependence  on  the  distance  between  QW  and  the  surface. 


In  order  to  vary  the  distance  d  from  near-surface  QW  to  the  surface  the  set  of  PL  spectra  was 
measured  as  a  function  of  sequential  shift  of  excitation  spot  position  along  the  gradient 
direction.  Taking  into  account  described  above  'wedge-like'  sample  geometry  it  can  be  shown 
that  the  changing  of  distance  d  corresponding  to  the  different  positions  of  excitation  spot  can 
be  estimated  as  M  -  .  Here  AL^  /  -relative  change  of  the  sample  thickness  wich 

can  be  found  from  the  PL  lines  of  deeply  embedded  QWs.  As  a  reference  point  with  zero 
distance  the  position  of  laser  spot  was  chosen  corresponding  to  the  spectrum  with  PL  line  of 
near- surface  QW  quenched  down  to  lO"^  relative  to  that  in  spectrum  before  etching. 

The  observed  effects  of  the  surface  influence  on  PL  line  of  near-surface  QWs  with  different 
widths  as  a  fimction  of  the  distance  from  the  surfrce  d  are  presented  in  Fig.  3.  The  following 
peculiarities  should  be  noted:  the  large  : 

distances  (>300A)  of  the  interaction  ^  k  -^—3 

with  the  surface  and  well  pronounced  \  0—4 

increase  of  the  redshift  for  the  thicker 

QWs.  They  can  not  be  explained  by  S  ® 

the  models  accounting  for  the  \  .  .  ,  .  f 

tunnelling  to  surfece  states  [2-4],  ^  - 

which  are  characterized  by  smaller  ^  io-i  -  '  ^ 

interaction  distances  determined  by  the  ^ 
tunnelling  length  (~100A)  and  by  ’3^°  * 
opposite  dependence  of  the  redshift  on 

QW  width.  Note  also,  that  observed  k  .  .  . . .  . 

effects  are  disagreed  with  the  model  50  100  150  200  250  300 

[3]  of  quasi-infinite  barrier  at  the  Distance  d(A) 

surface  of  the  structure  because  it 

leads  to  the  bhteshift  of  near-sur6ce  pjg,  3  y/,,  redshift  AE  of  PL  line  of  near-surface  QWs  (upper 
QW  PL  line  in  opposition  to  the  plot)  and  its  relative  intensity  normalized  on  intensity  of  PL 
observed  behaviour.  line  of  deeply  buried  QW  7  (down  plot)  as  a  function  of  the 

We  interpret  the  distance  from  the  surface  d.  The  average  widths  of  QW's  are:  3  - 

experimental  data  in  the  framework  of  ^  ~ 
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the  mechanism,  based  on  band  bending  and  quantum  confined  Stark  effect  (QCSE).  Near 
semiconductor  surface  the  built-in  electric  field  exists  due  to  pinning  of  the  Fermi  level  at  the  energetic 
position  of  charged  surface  states.  The  electric  field  in  depleted  layer  distorts  the  QW  potential  that 
leads  to  the  redshift  of  PL  line  of  near-surface  QW  due  to  QCSE  [8].  Therefore  the  surfece/well 
interaction  in  this  mechanism  expands  on  distances  determined  by  the  Schottky  length  reaching  under 
photoexcitation  several  hundreds  of  angstroms  that  is  significantly  larger  than  characteristic  tunnelling 
length  and  is  in  accordance  with  observed  interaction  distances.  This  mechanism  can  also  describe  the 
behaviour  of  the  redshift  on  QW  width  due  to  QCSE  dependence  E-L^^.  Moreover  the  influence  of 
built-in  field  on  near- surface  QW  can  also  explain  the  effect  of  PL  quenching  by  the  depletion  of  near¬ 
surface  region  as  well  as  by  the  field  induced  tunnelling  of  carriers  out  of  the  QW  through  the  tilted 
barrier.  Note,  that  the  latter  process  is  sufficient  for  the  explanation  of  the  observed  magnitude  of 
quenching  (similar  values  of  quenching  due  to  field  induced  tunnelling  were  observed  in  experiments  [9] 
with  external  electric  fields  ~10^  V/cm). 

3.2.  The  field  profile  in  MQW  structure. 

Despite  the  fact  that  the  surface  field  induced  nature  of  the  observed  effects  seems  to  be  clear 
the  real  spatial  distribution  of  the  electric  field  in  MQW  structure  needs  further  investigation.  For  the 
bulk  semiconductor  under  the  above  band  gap  photoexcitation  the  theoretical  description  of  the 
screening  processes  is  provided  in  the  framework  of  the  drift-diffirsion  model  (see  for  instance  [11]). 
The  electron-hole  pairs  generation  in  the  depleted  region  should  be  accompanied  by  the  separation  of 
the  charges.  The  minority  photocarriers  drift  to  the  surface  under  the  influence  of  the  electric  field 
created  by  the  charged  surface  states  partially  compensating  them.  This  leads  to  the  flattening  of  the 
bands  that  reduces  the  potential  barrier  for  the  diffusion  and  thermionic  emission  flows  of  the  majority 
carriers  to  the  surface.  In  the  steady  state  the  surface  directed  currents  of  the  majority  and  manotity 
caniers  are  balanced  and  recombine  via  surface  states.  This  model  well  describes  photoinduced  band 
flattening  effect  and  decreasing  of  the  band  bending  at  low  temperatures  [13]  observed  in  GaAs. 

The  specific  properties  of  MQW  structures  are  connected  with  the  possibility  of  photoinduced 
built-in  charge  accumulation  within  QWs.  In  the  undoped  MQW  structures  under  consideration  these 
processes  can  be  accompanied  by  drastic  changes  of  the  field  distribution.  The  charging  of  the  QWs  can 
be  caused  by  ifferent  mechanisms.  So  in  small  distances  scale  (d<150  A)  the  QW  charging  can  be 
explained  on  the  basis  of  recently  proposed  ambipolar  tunnelling  model  [4]  taking  into  account  the 
nominally  different  tunnelling  probabilities  for  two  types  of  caniers  to  reach  the  surface.  In  the  steady 
state  the  ambipolar  tunnelling  regime  is  established  due  to  formation  of  a  photoinduced  dipole  electric 
field  across  the  top  barrier.  It  should  be  noted  however  that  in  larger  distances  scale  (d>150  A) 
conesponding  to  our  experimental  situation  the  tunnelling  interaction  with  the  surface  states 
exponentially  falls  with  d  and  other  factors  of  QW  charging  are  more  probable. 

Under  the  influence  of  electric  field  the  probabilities  for  electrons  and  holes  to  be  captured  in 
the  well  (or  tunnel  from  it)  become  different  thus  providing  the  filling  of  QW  by  the  one  sign 
carriers.  These  charging  processes  are  stronger  under  the  above  barrier  than  under  the  below 
barrier  excitation.  Such  mechanisms  were  observed  in  experiments  with  the  application  of 
external  electric  field  to  DBRT  structure  [12].  In  the  structures  with  near- surface  QWs  these 
mechanisms  also  can  be  expected  under  condition  <d  <  4.^,  where  -  tunnelling 

length,  =  J2  -  Schottky  length,  s-  dielectric  permittivity,  sq-  static  dielectric 

V  cN 

constant,  N  ~  concentration  of  ionized  centers  in  the  barrier,  (pg-  surface  band  bending.  The 
theory  of  field  screening  in  this  situation  is  not  developed  at  present  thus  we  shall  only  briefly 
mention  two  main  ultimate  cases. 

a.  Weak  QW  charging.  At  low  photoexcitation  the  concentration  of  the  built-in  charge  in  QWs  is 
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e?q)ected  to  be  less  than  space  charge  in  the  barriers  (n;^«Nb,  where  ^  -  the  barrier  width)  and  the 
screening  is  provided  mainly  by  the  formation  of  a  depleted  layer  in  the  barrier  material  in  accordance 
with  drift-difiusion  model.  The  QWs  itselves  can  be  considered  as  a  kind  of  local  optical  probes  of  the 
field  strength  due  to  QCSE  nondisturbing  the  field  distribution. 
b.  Strong  QW  charging,^  At  high 
photoexcitation  the  built-in  charge  in  the  near 
surface  QW  can  exceed  the  space  charge  in 
the  barriers  {ng>N  b).  The  charge  built-up  in 
near- surface  QW  should  lead  to  significant 
screening  of  electric  field  within  the  QW.  The 
field  spatial  distribution  should  be  nonlinear 
with  pronounced  steps  at  QWs  due  to  partial 
screening  by  2D  carrier  gas  -  see  Fig.  4, 
corresponding  to  p-type  material.  The 

electrons  populate  states  from  the  bottom  of 
conduction  band  up  to  Fermi  energy 


E,^fi 


where  m 


-effective 

electron  mass.  The  band  filling  should  be 
accompanied  by  the  asymmetric  PL  line 
broadening  [12].  In  this  case  the  redshiJft 
reflects  the  magnitude  of  electric  field 
averaged  within  the  QW. 


Fig.  4  QWs  of  different  width  in  near -surf ace 
space  charge  region  under  strong  above  band  gap 
photo-excitation.  The  arrows  shows  the  field 
induced  tunneling  of  the  carriers  out  of  the  QW. 

Our  experimental  data  may  be  analysed  basing  on  the  assumption  that  field  screening  is  not 
strongly  affected  by  the  presence  of  QWs  (case  a).  The  field  spatial  distribution  was  calculated  (see  also 
[5-7])  fi-om  the  redshift  data  E(d)  of  Fig.  3  by  modelling  the  QCSE  within  the  variational  approach 
[8].  The  calculated  data  fits  well  to  the  linear  dependence,  however  the  estimation  of  the  space  charge 
leads  to  too  high  concentration  ~2  IQl^cm"^  that  is  larger  than  the  total  concentration  of  defects  in  our 
san^les.  This  fact  points  out  the  possibility  of  QW  charging  under  pmnping. 


3.3.  PL  dependence  on  the  intensity  of  exciting  light. 
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For  detailed  study  of  QW  charging  we  investigated  the  PL 
pumping  dependences  on  the  planar  MQW  stmcture  with 
relatively  narrow  PL  lines  instead  of  'wedge-like' 
nonuniform  sample.  The  GaAs/AlGaAs  (x=0.3)  MQW 
stmcture  was  grown  by  MBE  on  semi-insulating  substrate 
and  contained  the  set  of  QWs  (40  nm,  30  nm,  20  nm,  10 
nm,  5  nm,  2.5  nm  -  growth  order)  separated  by  the  20  nm 
barriers'  layers.  The  top  barrier  layer  (20  nm)  was  capped  by 
the  5  nm  GaAs.  The  distance  fi-om  the  surfece  was 
decreased  by  the  etching  in  sulphuric-peroxide  mixture.  The 
etching  depth  was  controlled  by  laser  reflectometry  with  the 
accuracy  2  nm.  The  temperature  of  T=77K  was  chosen  for 
PL  experiments  in  order  to  enhance  the  magnitude  of  near- 
surfece  electric  field  [13]  and  stimulating  QW  charging 
processes.  In  the  PL  spectra  the  redshift  and  quenching  of 
PL  lines  ofnear-surfece  QWs  were  revealed.  In  accordance 
with  discussed  above  experiments  on  'wedge-like'  stmctures 
these  effects  occur  at  large  distances  from  the  surface  (up  to 

50  nm).  Figure  5  presents  the  PL  puir^ing  dependences  of  PL  line  fi-om  QW  with  L2=50A  in  as-grown 


Fig.  5  Normalised  PL  spectra  (QW  width 
50A)  of  the  planar  sample  measured  at 
T^77K  before  (a)  and  after  (b)  etching  at 
different  excitation  intensities:  1- 

0.]W/cm2,  2-2W/cm2,  3-100W/cm2. 
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(A)  and  etched  (B)  samples.  Note  that  the  distance  d  from  the  QW  to  the  surface  in  as-grown  smnph 
was  about  480A  and  that  in  etched  sample  200A.  As  it  can  be  seen  from  the  Fig.  5, a  the  QW  PL  line  of 
as-grown  sanq)le  undergoes  weak  broadening  and  its  postition  remains  practically  unchanged  with 
pumping.  Fig.  5,b  reveals  strong  broadening  of  PL  line  with  increasing  of  the  excitation  level  in  the 
spectra  of  etched  sample  accon^anying  by  the  increase  of  the 
redshift.  Figure  6  illustrates  the  dependencies  of  the  frill  width 
at  half  maximum  (FWHM)  (a)  and  the  PL  line  positions  (b)  as 
a  frmction  of  pumping  power  in  both  the  as-grown  and  etched 
sanq)les. 

The  observed  broadening  of  PL  line  allows  to 
suppose  the  QW  band  filling  by  the  free  carriers.  The 
magnitude  of  broadening  more  probably  corresponds  to  the 
accumulation  of  the  electron  gas  in  the  near-surfrce  QW.  It 
should  be  noted  that  the  shape  of  PL  line  with  increasing 
punning  became  asymmetric  in  the  high  energy  range  that  is 
typical  for  the  PL  spectra  of  DBRT  structures  [12]  with 
charge  build-up  in  QW.  The  FWHM  -  more  than  14  meV, 
see  Fig.  6  -  can  be  used  for  the  estimation  of  charge 
concentration  w^—lO^^cm"^  according  to  method  [12]  taking 
into  account  FWHM  in  as-grown  sarqile  5  meV.  Therefore 
the  value  n^/b  at  high  photoexcitation  100  W/cm"^  is 
conqiarable  with  the  upper  limit  of  the  concentration 

A/^lO^^cm"^  determined  by  unwanted  backgrownd  doping  of  the  barriers.  In  other  words  the  field 
screening  across  the  barrier  layer  is  comparable  with  the  screening  within  the  QW  -  the  situation 
intermeiate  between  the  ultimate  cases  a)  and  b)  discussed  in  Sect.  3.2.  At  lower  excitation  levels  the 
screening  pattern  approaches  the  linear  Schottky  law  typical  for  the  bulk  semiconductors. 


P  (W/cm^) 

Fig.  6  The  FWHM  (upper  plot)  and  the  redshifi 
(down  plot)  Of  QW  PL  line  of  as-grown  (a)  ana 
etched  (b)  sample  as  a  function  of  pumping 
power  P. 
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Photocurrent  spectroscopy  of  2-dimensional  excitons  in  5-nm 
wide  InGaAs/InAlAs  multi  quantum  wells 


N.  Kotera  and  K.  Tanaka 

Kyushu  Institute  of  Technology,  lizuka,  Fukuoka  820,  Japan 

Abstract.  The  excitons  confined  in  a  narrow  quantum  well  of  InGaAs/InAIAs  MQW 
structures  lattice-matched  to  InP  have  been  observed  at  77  K  by  photocurrent  spectroscopy 
experiments.  Distinctive  6  peaks  were  successfully  assigned  to  be  two  series  of  consecutive 
3  heavy-hole  subbands.  The  assignment  was  based  on  the  square-law  dependence  of  the 
pezJc  energy  on  the  heavy-hole  quantum  number.  Theoretical  calculation  using  InGaAs 
heavy-hole  effective  mass  of  0.46mo  and  bandgap  difference,  of  0.28  eV  fits  well  with 
experimental  results. 

1.  Introduction 

A  number  of  observations  of  2-dimensional  excitons  confined  in  InGaAs/InAIAs  MQW’s 
lattice-matched  to  InP  substrates  were  reported  so  far.  Most  observations  were  made 
using  a  specimen  of  wider  well  widths  than  10  nm.  Quantitative  analysis  of  the  band 
parameters  has  never  been  tried  because  of  the  small  number  of  peaks. 

In  this  paper,  specimens  of  MBE-grown  p-i-n  photodiodes  including  33  undoped 
MQW’s  were  measured.  The  well  (InGaAs)  width,  L^,  was  5  nm  and  the  barrier  (InAlAs) 
width  was  10  nm.  Many  wells  were  uncoupled.  Thus,  a  simple  particle-in-a-box  model 
with  a  finite  barrier  height  was  used  for  energy  level  calculation.  The  effective  mass  of 
the  barrier  material  was  also  taken  into  account.  By  comparing  experiments  and  theory, 
heavy-hole  effective  mass  in  the  well  normal  to  the  well-barrier  interface  can  be  analyzed 
quantitatively. 


2.  Experimental 

A  specimen  was  irradiated  by  light  from  a  halogen  lamp  behind  a  monochromator 
through  a  glass  window  of  a  cryostat.  A  specimen  was  placed  on  a  cooled  base  metal  in 
vacuum  and  a  probing  needle  was  pressed  onto  the  contact  layer  of  a  p-i-n  photodiode. 
Dc  reverse  bias  of  -1  V  was  applied  to  the  junction.  Photocurrents  perpendicular  to  the 
well  interface  were  measured  at  77  K.  The  electric  field  in  the  quantum  well  ranged  from 
30  to  100  kV/cm  approximately  and  pure  allowed-  and  forbidden-  optical  transitions 
cannot  be  observed  experimentally. 


Energy  Difference  ^zco-Eihhi  (eV) 
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Fig.l  A  photocurrent  spectrum  of  a  specimen  (V-749)  at  77  K.  A  notation,  nHH^,  stands  for  exciton 
formation  by  an  electron  of  n-th  conduction  subband  and  a  heavy  hole  of  £-th  valence  subband. 


Fig.2  The  dependence  of  peak  energies 
on  the  square  of  quantum  number  in  the 
heavy  hole  subbands  (the  square  law). 


Fig.3  Calculated  subband  energy  vs.  heavy- 
hole  effective  mass  of  InGaAs  (well).  Solid 
lines  indicate  E}{h{C).  A  dotted  line  indi¬ 
cates  the  energy  difference,  Ehh{^)-^hh{^)- 
The  horizontal  bar  indicates  the  experi¬ 
mental  value. 
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3.  Results  and  discussions 

Photocurrent  spectra  as  a  function  of  wavelength  were  plotted  as  shown  in  Fig.  1.  The 
peak  heights  reflect  the  exciton  absorption  intensity.  If  excitons  are  formed  by  an  electron 
of  n-th  conduction  subband  and  a  heavy  hole  of  £-th  valence  subband,  the  resonant 
absorption  occurs  if  the  irradiated  photon  energy,  Tiu)^  is  equal  to  the  sum  of  the  InGaAs 
bandgap  energy,  Eq,  the  conduction  subband  energy  at  the  bottom,  F^e(n),  and  the 
heavy-hole  subband  energy  at  the  top,  The  notation,  HH,  stands  for  the  heavy 

hole.  Then,  the  resonant  photon  energy,  EnHHt^  is  equal  to  EG-\-Ee(n)-\-EHH[^)-  The 
exciton  formation  energy  was  assumed  negligible. 

In  Fig.  1,  sharp  and  clear  6  peaks  were  observed.  The  strongest  peak  in  Fig.  1  was 
assumed  to  be  the  fundamental  absorption  corresponding  to  the  energy,  Eihh\-  Based 
on  the  theoretical  calculation  using  a  finite  well  model,  it  was  found  that  the  square  law, 
EhhW  ^  was  applicable  to  our  systems.  The  energy  difference,  Tilj  —  Eihhi, 

was  plotted  as  a  function  of  the  prospective  quantum  numbers,  ^=1,  2,  3,  in  Fig.  2  and 
the  square-law  dependence  was  verified  experimentally.  Double  series  of  consecutive  3 
peaks  in  Fig.  1  might  be  caused  by  the  ground (n  =  1)  and  the  higher (n  =  2)  conduction 
subbands.  The  gradient  of  this  curve  will  give  the  effective  mass  of  related  holes.  If 
the  mass  value  is  close  to  that  of  the  bulk  heavy  hole,  it  will  be  concluded  that  the 
contribution  of  light  hole  is  scarce  in  this  experiment. 

Theoretical  calculation  was  made  by  varying  the  effective  mass  of  InGaAs  heavy- 
hole.  As  seen  in  Fig.  3,  three  to  four  EhhW  levels  were  found  when  the  bandgap 


Fig.4  Calculated  the  3rd  heavy-hole  sub¬ 
band  energy  as  a  function  of  the  bandgap 
difference  at  the  valence  band.  Parame¬ 
ters  were  the  well  width. 


> 

0) 


Fig. 5  Calculated  heavy-hole  subband  en¬ 
ergy  vs.  heavy-hole  effective  mass  of  In- 
AlAs  (barrier).  Solid  lines  indicate  Enn{^)' 
A  dotted  line  indicates  the  energy  differ¬ 
ence,  £?^i/(3)-FJ////(l).  The  horizontal  bar 
indicates  the  experimental  value. 
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difference  of  the  valence  bands,  was  0.28  eV  and  well  width,  was  5  nm.  The 
observed  of  169  meV  inserted  in  the  figure  gives  the  m)jff  of  0.46mo 

which  agrees  with  the  bulk  cyclotron  effective  mass  of  InGaAs  [1].  This  validates  the 
peak  assignment  shown  in  Fig.  1.  The  parameters  used  in  this  calculation  were  as 
follows:  (InGaAs) =0.041mo,  m*(InAlAs)=0.075mo,  AEc=0A7  eV,  m^^(InAlAs)  = 

0.41mo  and  AE^  =  0.28  eV.  The  mo  is  the  free  electron  mass  in  vacuum.  Using 
these  parameters,  a  theoretical  square-law  curve  comparable  to  Fig.  2  was  calculated. 
Agreement  between  theory  and  experiment  was  excellent. 

Similar  calculation  varying  the  bandgap  difference,  AE^,  was  made  between  0.21  eV 
and  0.33  eV  as  shown  in  Fig.  4.  If  169  ±  10  meV  was  the  experimental  value,  AE^  of 
0.28  ±0.04  eV  could  be  obtained.  If  the  well  width,  was  varied  in  the  calculation,  the 
experiments  showed  the  Lg  must  be  5  ±0.5  nm  when  the  heavy  hole  mass  was  assumed. 

Finally,  calculation  varying  the  heavy  hole  mass  of  the  barrier(InAlAs)  was  made  as 
shown  in  Fig.  5.  Comparison  with  experiments  gives  the  approximate  effective  mass  of 
0.41  mo.  The  energy  depends  slightly  on  this  effective  mass. 

4.  Conclusion 

Photocurrent  spectroscopy  of  the  2-dimensional  electron  and  hole  system  was  utilized 
to  characterize  the  subband  structures.  The  square-law  dependence  of  the  peak  en¬ 
ergy  on  the  heavy-hole  quantum  number  was  clearly  observed,  which  validates  the  peak 
assignment.  A  calculation  based  on  a  simple  finite-square- well  model  fits  well  with  ex¬ 
periments.  The  analysis  offers  a  probable  parameter  set  including  effective  masses  as 
follows;  Lg=b  nm,  mj^;^ (InGaAs) =0,46mo,  0.28  eV,  and  mJ^^(InAlAs)=0.41mo. 

The  authors  appreciate  Mr.  Hitoshi  Nakamura  of  Central  Research  Laboratory,  Hi¬ 
tachi  Ltd.  for  the  fabrication  of  p-i-n  photodiodes. 
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Theoretical  and  experimental  study  of  polarization- 
dependent  photoluminescence  in  Ino.2Gao.8As/GaAs 
quantum  wires 
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Abstract.  We  report  a  theoretical  and  experimental  study  of 
polarization-dependent  photoluminescence  in  quantum  wires.  The 
experimental  samples  were  made  by  electron  beam  lithography,  dry 
etching  with  an  electron  cyclotron  resonance  source,  wet  chemical  etching 
and  molecular  beam  epitaxial  regrowth.  The  luminescence  from  the  wires 
at  9K  is  blue-shifted  by  6  meV  from  that  of  the  quantum  wells  and  both 
are  of  comparable  intensity,  taking  the  fill  factor  into  account.  The  ratio 
of  the  peak  intensities  for  polarizations  parallel  and  perpendicular  to  the 
wire  axis  is  ^2.5. 


1.  Introduction 

The  altered  density  of  states  due  to  reduced  dimensionality  in  semiconductor  heterostruc¬ 
tures  can  be  exploited  to  enhance  the  performance  of  electronic  and  optoelectronic 
devices.  This  is  one  of  the  motivations  behind  the  increased  interest  in  structures 
such  as  quantum  dots  and  wires  [1,2,3].  Interface  disorder  effects  in  quantum  wire 
structures  may  cause  localization  of  electronic  states  along  the  length  of  the  wire  with 
serious  consequences  on  the  optical  and  electronic  properties  [4].  The  effect  of  increasing 
interfacial  disorder  is  thus  to  broaden  the  bandedge  singularities  and  weaken  the  po¬ 
larization  dependence  of  optical  transitions.  The  study  of  the  polarization  dependence 
of  the  luminescence  from  a  quantum  wire  can  therefore  be  a  good  probe  of  the  quality 
of  quantum  wires.  More  specifically,  the  polarization  dependence  of  the  luminescence 
can  provide  direct  feedback  to  the  various  processing  steps  involved  in  fabricating  the 
quantum  wires. 
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2.  Theoretical  Study  of  Polarization-Dependent  Luminescence 


The  theoretical  formulation  for  the  study  of  polarization-dependent  optical  properties  of 
disordered  quantum  wires  has  been  described  by  Tanaka  et  al  [5].  The  essential  features 
are  reiterated  here.  The  calculations  have  been  done  for  the  GaAs/AlGaAs  system. 
The  conduction  band  states  in  this  system  are  well  described  by  an  isotropic  effective 
mass  and  can  thus  be  described  by  a  single  band  Schrodinger  equation.  To  determine 
the  valence  bandstructure  the  Kohn-Luttinger  formalism  is  used  to  include  the  heavy 
hole  (HH)-light  hole  (LH)  band  mixing.  In  the  perfect  wire,  the  confinement  potential 
V(x,  y,  z)  changes  abruptly  from  that  of  the  well  material  (say  zero)  to  that  of  the 
barrier  material  (the  band  discontinuity)  across  the  interfacial  plans.  In  the  disordered 
wire,  we  represent  the  wire  cross-section  by  three  regions:  i)  the  perfect  well  regions; 
ii)  the  perfect  barrier  region;  and  iii)  the  disordered  region  which  has  a  certain  width. 
The  disordered  region,  we  assume  is  made  up  of  GaAs  islands  and  Alo.3Gao.7As  islands 
randomly  intermixed  together.  The  islands  are  described  by  their  height  Ax  which  is 
expected  to  be  a  few  monolayers,  and  their  lateral  extends  and  ALx.  Once  the 
dimensions  of  the  disordered  islands  are  decided  upon,  we  use  the  Monte  Carlo  technique 
to  randomly  create  the  appropriate  potential  fluctuations  in  the  disordered  region  [6].  For 
the  studies  presented  here  we  assume  that  the  islands  are  only  of  GaAs  and  Alo.3Gao.7As 
kind  and  are  distributed  with  equal  probabilities  in  the  interfacial  region. 

For  band-to-band  transitions,  we  note  that  in  the  3-dimensionally  confined  structure, 
k  is  not  a  good  quantum  number.  The  absorption  coefficient  for  polarization  along  e  is 
given  by. 


a  (hu) 


AT]‘^e^h 

rjcm'^hujV 


(1) 


where  the  indices  i  and  j  represent  the  electron  and  hole  states,  V  is  the  volume  of 
the  structure  over  which  the  electronic  state  is  confined,  7/  is  the  refractive  index.  The 
momentum  matrix  element  is  given  by, 


Pij  =  Y1  f  y^  \p\  uv  >  (2) 

where  (x,  y,  z)  and  <j)‘j  (x,  y,  z)  are  the  electron  and  hole  envelope  functions  and 
<  Uc  IpI  Uy  >  is  the  momentum  matrix  element  between  the  conduction  and  valence  states. 

The  valence  band  state  is  the  4-band  state  evaluated  by  our  solution  in  the  confined 
structure.  The  polarization  dependent  effects  are  obtained  from  the  relative  mixtures  of 
the  pa;,  py,  pz  states  in  the  valence  band  solutions  [7].  Since  the  conduction  band  states 
are  s-type,  the  only  non-zero  momentum  matrix  elements  are, 


<  5  \Px\Px  >  =  <  5  |py|py  >  =  <  3  \pz\Pz  >=  Pcv  (3) 

The  values  of  Pcu  are  listed  for  several  semiconductors  by  Lawaetz  [8].  We  have  calculated 
the  density  of  states  in  perfect  and  disordered  wires  and  it  is  found  that  the  effect 
of  disorder  is  to  broaden  the  bandedge  singularities  in  the  density  of  states  due  to 
localization  of  electron  and  hole  states.  As  a  result,  the  relative  intensities  of  x,  y,  z 
polarization  transitions  change.  Here  the  z-direction  represents  the  wire  axis  and  x  and  y 
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Transition  Energy  (eV) 


Figure  1:  Polarization  dependence  of  optical  transitions  in  a  150A  x  150A  x  lOOOA  wire; 
a)  perfect  wire;  b)  wire  with  40A  x  20A  x  120A  islands  placed  randomly  on  two 
interfaces. 


3  period 

8  nm  2  g 
7  nm  GaAs 

300  nm  GaAs 
n'^GaAs  substrate 
(a)  MBE  growth 


20  nm  GaAs 


300  nm  GaAs 


n'^GaAs  substrate 


(b)  Regrowth 


^  200  nm  GaAs 


Figure  2:  Schematic  of  the  quantum  well  and  wire  structures  (a)  grown  and  (b)  regrown 
by  MBE. 
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represent  the  cross-section.  The  net  results  of  increasing  interfacial  disorder  is  to  weaken 
the  polarization  dependence.  This  is  shown  in  Figure  1. 

3.  Experimental 

The  samples  were  grown  by  MBE  on  (100)  Si-doped  GaAs  substrates.  They  consisted 
(Fig.  2)  of  a  300  nm  GaAs  layer  (undoped),  3  undoped  quantum  wells  made  up  of  7  nm 
of  GaAs  and  S  nm  of  Ino.2Gao.8As,  and  20  nm  undoped  GaAs  cap  layer.  Electron  beam 
lithography  was  used  for  direct  writing  of  the  quantum  wires  on  a  bilayer  consisting  of 
2%,  496K  polymethylmethacrylate  (PMMA)  in  anisol  spun  at  5  krpm  for  60  sec  and 
prebaked  for  30  min  at  200° C;  followed  by  2%,  950K  PMMA  in  anisol  spun  on  5  krpm 
for  60  sec  and  prebaked  for  30  min  at  200°C.  These  result  in  a  total  resist  thickness  of 
~100  nm.  A  subsequent  liftoflp  process  using  25  nm  Ni  formed  the  mask  for  dry  etching. 
The  quantum  wire  array  for  photoluminescence  (PL)  measurements  consisted  of  wires 
which  were  40-70  nm  in  width  with  a  200  nm  pitch.  The  fill  factor  for  this  array  is 
25%.  Free-standing  quantum  wires  were  then  defined  by  dry  etching  using  an  electron 
cyclotron  resonance  (ECR)  source  and  a  rf-powered  electrode  [9,10].  The  GaAs  capping 
layer  and  the  3  quantum  wells  were  etched  using  a  30%  CI2  in  Ar  mixture  with  an  etch 
rate  of  130  nm/min.  The  total  etch  depth  was  100  nm.  A  short  wet  etch  (^^5  nm)  in 
NH40H:H202:H20=4:  1:2000  was  used  to  remove  the  process-induced  damage.  Buried 
quantum  wires  were  realized  by  MBE  regrowth.  The  regrown  structure  consisted  of  a  200 
nm  undoped  GaAs  layer.  A  10  sec  rapid  thermal  anneal  (RTA)  at  800°  C  was  performed 
to  improve  the  luminescence  of  the  quantum  wires. 

Photoluminescence  (PL)  measurements  at  low  (9K)  and  higher  temperatures  were 
made  using  the  488  nm  output  of  an  Ar***  laser  as  the  excitation  source  and  a  1.0  m 
scanning  spectrometer.  Only  low-temperature  PL  is  discussed  in  this  letter,  since  the 
polarization  dependence  is  observed  most  clearly  at  low  sample  temperatures.  Several 
areas  were  left  unetched  to  serve  as  control  (quantum  well)  regions.  Figure  3  shows  the 
PL  spectra  of  the  £is  grown  Ino.2Gao.8As  quantum  wells.  A  strong  bound  exciton  peak 
is  observed  at  1.350  eV.  The  PL  spectrum  of  a  50  nm  quantum  wire  array  after  etching 
and  regrowth  is  also  shown  in  Figure  3.  The  intensity  of  the  luminescence  is  lowered 
by  a  factor  of  5  compared  to  the  quantum  well  luminescence,  but  when  the  fill  factor  is 
taken  into  account  the  intensities  are  nearly  identical.  The  peak  in  the  quantum  wire  is 
observed  at  1.356  eV,  and  it  is  blue-shifted  from  the  quantum  well  peak  by  6  meV.  These 
results  indicate  that  we  have  achieved  ID  quantum  confinement  in  the  wires  without 
excessive  interfacial  disorder. 

The  polarization  dependence  of  the  PL  at  9K  was  measured  by  placing  a  Glan- 
Thomson  prism  analyzer  between  the  sample  and  the  spectrometer.  Figure  4  shows 
the  PL  spectra  of  the  quantum  wires  for  luminescence  parallel  and  perpendicular  to  the 
wires.  It  is  evident  that  the  luminescence  intensity  parallel  to  the  wires  is  about  2.5 
times  greater  than  the  intensity  perpendicular  to  the  wires,  as  predicted  from  theoretical 
calculations.  These  polarization-dependent  characteristics,  which  were  not  observed  in 
the  quantum  wells,  clearly  demonstrate  the  ID  quantum  confinement  of  carriers  in  the 
wires,  and  the  fact  that  in  this  particular  sample  interfacial  disorder  is  quite  small. 
However,  it  may  be  noted  that  the  peak  intensities  for  the  two  polarizations  differ  by 
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Figure  3:  Low-temperature  (9  K)  photoluminescence  from  the  quantum  wells  and  50  nm 
buried  (by  regrowth)  quantum  wires.  The  luminescence  from  the  wires  takes  into  account 
the  fill  factor  of  4. 


Figure  4:  9K  polarization-dependent  spectra  measured  for  50  nm  buried  wires. 
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a  factor  of  2.5,  whereas  theoretical  calculations  predict  a  difference  of  a  factor  of  3-4. 
Hence,  further  inaprovements  are  possible,  and  we  find  that  wet  etching  after  dry  etching 
and  before  regrowth  is  a  critical  step. 


4.  Conclusion 


In  conclusion,  we  have  shown  the  fabrication  of  20-70  nm  quantum  wires  using  electron 
beam  lithography,  dry  etching  with  an  ECR  source,  and  MBE  regrowth  with  strongly 
polarization-dependent  luminescence  and  a  blue  shift  of  6  meV.  We  believe  that  this 
fabrication  method  shows  great  potential  for  monolithic  optoelectronic  structures.  The 
observed  polarization  dependence  is  in  agreement  with  theoretical  calculations. 

The  work  was  support  by  the  Army  Research  Office  (URI  program)  under  Grant 
DAAL03-92-G-0109. 
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Photoluminescence  Determination  of  Valence-Band  Symmetry  and 
Auger-1  Threshold  Energy  in  Compressed  InAsSb  Layers 

S.  R.  Kurtz,  R,  M.  Biefeld,  and  L.  R,  Dawson 
Sandia  National  Laboratories,  Albuquerque,  NM  87185 


Abstract:  InAsSb/InGaAs  strained-layer  superlattices  (SLSs)  and  InAsSb  quantum  wells, 
both  with  biaxially  compressed  InAsSb  layers,  were  characterized  using  magneto¬ 
photoluminescence  and  compared  with  unstrained  InAsSb  and  InAs  alloys.  In  heterostructures 
with  biaxially  compressed  InAsSb,  the  holes  exhibited  a  decrease  in  effective  mass,  approaching 
that  of  the  electrons.  Correcting  the  data  for  the  magneto-exciton  binding  energy,  we  obtain 
electron-hole  reduced  mass  values  in  the  range,  }j.=0.010-0.015,  for  the  InAsSb  heterostructures, 
whereas  |i=0.026  and  jjp:0.023  for  unstrained  InAsSb  and  InAs  alloys  respectively.  In  the  2- 
dimensional  limit,  a  large  increase  in  the  Auger- 1  threshold  energy  accompanies  this  strain- 
induced  change  in  valence-band  symmetry.  Correspondingly,  the  activation  energy  for 
nonradiative  recombination  in  the  SLSs  displayed  a  marked  increase  compared  with  that  of  the 
unstrained  alloys 


1.  Introduction 

Frequently,  the  Auger- 1  process  (i.e.  An  electron  and  hole  recombine  by  scattering  a 
second  electron  up  into  the  conduction  band.)  dominates  radiative  recombination  in  narrow 
bandgap  III-V  semiconductors,  and  as  a  result,  the  wavelength  of  diode  lasers  operating  at 
room  temperature  has  been  limited  to  <  2. 1-2.3  p.m.[l]  In  a  biaxially  compressed  III-V 
layer,  the  !3/2,±3/2>  hole  ground  state  can  increase  the  in-plane,  electron-hole  effective  mass 
ratio  (m*e/ni*h )  over  that  found  in  bulk  material.  In  the  2-dimensional  limit,  this  effective 
mass  ratio  will  result  in  an  increased  threshold  energy  for  Auger- 1.  [2-4]  Therefore, 
midwave  infrared  (2-6  pm)  emitters  with  biaxially  compressed,  InAsSb  active  regions  rnay 
exhibit  improved  performance  and  higher  temperature  operation. [5]  In  this  paper,  we  will 
describe  the  optical  characterization  of  InAsSb/InGaAs  strained-layer  superlattices  (SLSs) 
and  InAsSb  quantum  wells  with  InAs  barriers.  We  present  evidence  indicating  that  a  large 
increase  in  Auger- 1  threshold  energy  results  from  the  strain-induced  valence-band  symmetry 
of  the  InAsSb  layer. 

2.  Experimental  Details 

InAsSb  and  InGaAs  alloys  and  heterostructures  were  grown  by  metal-organic 
chemical  vapor  deposition  (MOCVD)  on  InAs  substrates.  SLS  and  ternary  compositions, 
layer  thicknesses,  and  lattice  constants  were  determined  from  both  (004)  and  (115)  or  (335) 
x-ray  rocking  curves.  In  this  study,  photoluminescence  spectra  for  an  InAsSb/InGaAs 
SLS  and  InAsSb  quantum  wells  with  InAs  barriers  are  compared  with  those  for  unstrained 
InAso  93Sbo  07  and  InAs  alloys.  The  SLS  ^characterized  in  this  study  was  an 
InAso’9iSbo*09/Ino.87Gao.i3As  SLS  (90  A/  130  A  layer  thicknesses),  nominally  lattice 
matched  to  the  InAs  substrate.  The  multiple  quantum  well  sample  consisted  of  318,  159, 
106,  and  53  A  thick  quantum  wells  of  InAso.9iSbo.09»  separated  by  500  A  thick,  InAs 
barriers.  The  sum  of  the  four  quantum  well  thicknesses  is  less  than  the  critical  layer 
thickness  (~  1000  A),  and  the  quantum  wells  are  psuedomorphic. 

Throughout  our  studies  of  As-rich,  InAsSb  (5-50%  Sb),  the  bandgaps  of  our 
InAsSb  alloys  were  smaller  than  accepted  values. [6]  Electron  diffraction  results  indicate 
compositional  ordering  and  phase  separation  may  occur  in  the  As-rich,  InAsSb  grown  at 
low  temperatures  by  vapor  phase  epitaxy. [7]  As  demonstrated  in  the  following  discussion, 
the  InAsSb  material  displays  "single  phase,  random-alloy-like"  optical  properties  except  for 
the  bandgap  anomaly,  and  we  assume  that  the  strain  imposed  by  the  InAs  heterostructure 
dominates  any  internal  strain  occurring  within  domains  of  the  InAsSb. 

Mid  wave  infrared  photoluminescence  was  measured  by  operating  an  FTIR 
spectrometer  in  a  double-modulation  mode.  In  the  magneto-photoluminescence 
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experiments,  a  fluoride  optical  fiber  was  used  to  transmit  infrared  light  in  the  magnet 
cryostat.  The  photoluminescent  light  was  collected  by  the  fiber  and  analyzed  with  the  FTIR 
equipped  with  an  InSb  photodiode.  All  measurements  were  made  in  the  Faraday 
configuration  with  the  magnetic  field  parallel  to  the  growth,  (001),  direction  of  the  sample. 


3.  Magneto-Photoluminescence 

Low  temperature,  zero-field  photoluminescence  spectra  for  the  multiple  quantum 
well,  SLS,  unstrained  InAsSb,  and  InAs  samples  are  shown  in  Figure  1.  For  each  sample, 
the  photoluminescence  spectra  consists  of  a  single  peak  with  a  line  width  of  approximately  10 
meV.  Emission  from  single  quantum  wells  is  clearly  resolved  in  Fig  1(c),  with  the  quantum 
well  thickness  indicated  in  the  figure.  The  photoluminescence  energies  of  the  thick  (318  A) 
quantum  well  and  the  InAsSb  alloy  provide  estimates  of  the  bandgap  energies  of  the  MOCVD 
alloys,  and  both  samples  exhibit  the  bandgap  anomaly.  A  large  quantum  size  shift  is 
observed  for  the  quantum  wells.  Analysis  of  quantum  size  effects  for  InAsSb/InGaAs  and 
InAsSbAnAs  heterostructures  indicates  that  both  have  type  I  band  offsets.  The  bandgap  and 
conduction  band  offset  are  sensitive  to  ordering  or  phase  separation  occurring  in  the  InAsSb; 
the  valence  band  offset  is  insensitive  to  these  effects. 
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Figure  1  -  Photoluminescence  spectra  of  (a)  InAso.9lSbo.09  /  lnO.87GaO.13As  SLS  and  InAs0.93Sb0.07 
alloy,  (b)  InAs,  and  (c)  InAso.9iSbo.09AnAs  quantum  wells. 


The  magnetic  field  dependence  of  the  photoluminescence  energies  for  each  of  these 
samples  is  shown  in  Figure  2.  For  each  photoluminescence  line,  the  reduced  mass,  p, 
corresponding  to  the  slope  obtained  from  the  free  electron-hole  approximation 
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reduced  masses  for  the  unstrained  alloys  (pinAsSb=  0.037  and  pinAs=0.031,  in  units  of  free 
electron  mass)  are  significantly  larger  than  those  observed  in  the  strained  heterostructures 
(p=0.0 15-0.024)  due  to  the  low  in-plane  hole  mass  associated  with  the  heavy-hole  ( 
l3/2,±3/2>  )  ground  state  of  the  biaxially  compressed,  InAsSb  layers. 

Excitonic  behavior  is  revealed  in  the  magneto-photoluminescence  results.  For  all 
samples,  the  photoluminescence  peak  energy  is  insensitive  to  magnetic  field  for  B<  2T, 
characteristic  of  a  diamagnetic  exciton,  and  in  the  linear  region  observed  at  higher  fields,  the 
reduced  mass  values  obtained  from  the  free  carrier  approximation  are  consistently  too  large, 
due  in  part  to  the  binding  energy  of  the  exciton.  Also,  note  the  increase  in  reduced  mass  (or 
decrease  in  slope)  as  the  quantum  wells  become  thinner  (Fig.  2(b)). 

Using  measured  parameters  for  InAs  and  semi-empirical  expressions  for 
nonparabolicity  and  magneto-exciton  energies,  we  can  estimate  exciton  binding  energies  and 
correct  the  reduced  mass  values.[8]  Assuming  a  3-dimensional  exciton,  we  obtain  corrected 
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reduced  mass  values,  |li=0.010,  0.026,  and  0.023,  for  the  318  A  thick  quantum  well, 
unstrained  InAsSb  alloy,  and  InAs,  respectively.  The  exciton  binding  energies  for  the  318  A 
well  and  the  alloys  were  1.0  meV  and  1.8  meV,  respectively.  Examining  the  thinnest  (53  A) 
quantum  well,  we  estimate  an  exciton  binding  energy  of  3-4  meV  for  a  band  minimum 
reduced  mass,  |i=0.010,  and  assuming  a  2-dimensional  exciton.  The  change  in  slope  in  Fig 
2(b),  associated  with  quantum  confinement,  indicates  an  increase  in  exciton  binding  energy 
of  the  correct  magnitude.  [8] 


Figure  2  -  Magnetic  field-induced  shift  of  the  photoluminescence  energy  for  (a)  the  InAsSb/InGaAs  SLS  and 
the  InAsSb  and  InAs  alloys,  and  (b)  the  InAsSb/InAs  quantum  wells. 


4.  Modification  of  Auger-1  Threshold  Energies 

In  the  2-dimensional  limit,  a  large  increase  in  the  Auger- 1  threshold  energy 
accompanies  this  strain-induced  change  in  valence-band  symmetry.  We  examined  the 
temperature  dependence  of  the  photoluminescence  intensity  for  SLS  and  bulk, 
InAso.93Sbo.07  and  InAs  samples,  (see  Figure  3)  At  >  100  K,  the  radiative  efficiency 
decreases  exponentially  for  all  samples,  and  the  activation  energy  for  nonradiative 
recombination  (AE)  in  the  SLS  displayed  a  marked  increase  compared  with  that  of  the 
unstrained  alloys  (AE=0.26  Egap  vs  AE=0.06  Egap).  Other  InAsSb/InGaAs  SLSs  that  we 
examined  also  displayed  large  activation  energies.  Due  to  variations  in  optical  alignment 
and  sample  doping  and  defects,  the  differences  in  the  relative  radiative  efficiency  between 
samples  may  not  be  accurate. 

Approaching  room  temperature.  Auger- 1  will  be  the  dominant  nonradiative  process. 
The  radiative  efficiency  for  extrinsic,  n-type  material  is 


t;  =  ^00  (]/„„).  exp^-^j  (1)  and 
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mjm. 
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where  no  is  the  electron  density,  ^{TIhq)  is  the  radiative  lifetime,  and 


exp(A£//:r)  is  the  Auger- 1  lifetime  (in  2  dimensions). [9]  Eq.  1  is  based  on 
simple  energy-momentum  conservation  for  isotropic,  parabolic  bands,  and  the  expression 
for  activation  energy,  AE  (AE  =  Auger  threshold  -  Bandgap),  is  valid  in  2  or  3- 
dimensions.[2]  In  the  2-dimensional  limit,  the  SLS  in-plane  effective  masses  determine 
AE,[3,4]  and  therefore,  the  SLS  activation  energy  is  larger  than  that  of  the  unstrained  alloys 
due  to  the  decreased  hole  mass  in  bi axially  compressed  layers  of  the  SLS. 
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Electron-hole  effective  mass  ratios  for  each  sample  are  compared  with  theoretical 
values  obtained  from  k-p  calculations  and  with  experimental  values  obtained  from  magneto¬ 
photoluminescence  and  temperature  dependence  studies.  In  each  case  there  is  good 
agreement  between  theoretical  and  experimentally  determined  mass  ratios.  The  effective 
mass  ratios  (m*e/  m*h)  determined  by  the  3  methods  for  the  SLS  were  in  the  range,  0.3-0.5  , 
and  the  effective  mass  ratios  for  the  unstrained  alloys  were  0.06+0.02.  [9]  Comparing  the 
SLS  with  the  alloys,  the  SLS  consistently  displayed  the  predicted  effects  of  the  valence  band 
under  biaxial  compression. 


Figure  3  -  Temperature  dependence  of  the  photoluminescence  intensity  (radiative  efficiency)  for  the 
InAsSbAnGaAs  SLS  and  InAsSb  and  InAs  alloys.  Activation  energies  (AE)  are  indicated  in  the  figure. 

5.  Conclusions 

Using  infrared  photoluminescence  and  magneto-photoluminescence,  we  have 
examined  the  electronic  properties  of  a  series  of  heterostructures  with  biaxially  compressed 
InAsSb.  Holes  are  confined  to  the  heavy  hole  (small  in-plane  effective  mass)  ground  state  of 
the  biaxially  compressed  InAsSb  layers,  and  the  band  offsets  for  these  heterostructure  are  ^ 
type  I.  Analysis  of  the  magneto-excitonic  behavior  indicates  that  the  hole  mass  may  be  quite 
small  ( |i=0.010),  and  exciton  binding  energy  increases  with  quantum  confinement.  The 
photoluminescence  efficiency  versus  temperature  revealed  that  an  increased  activation  energy 
for  nonradiative  recombination  accompanies  the  decreased  hole  mass  in  the  SLS. 
Photoluminescence  efficiency  activation  energies  for  the  SLS  and  unstrained  alloys  agree 
with  estimated  Auger- 1  threshold  energies,  with  the  activation  energy  for  the  SLS 
approaching  the  Auger- 1  value  in  the  2-dimensional  limit.  Although  the  material  properties 
of  the  MOCVD-grown  InAsSb  are  non-ideal,  these  heterostructures  display  Auger- 1 
threshold  energies,  effective  masses,  band  offsets,  and  "random  alloy-like  properties  that 
are  desirable  for  active  regions  in  midwave  infrared  diode  lasers.  _ 

J.  A.  Bur,  K.  C.  Baucom,  and  M.  W.  Pelczynski  provided  technical  assistance.  This 
work  was  performed  at  Sandia  National  Laboratories,  supported  by  the  U.  S.  Department  of 
Energy  under  contract  No.  DE-AC04-94AL85()00. 
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Electron  transport,  negative  differential  resistance 
and  domain  formation  in  weakly  coupled  quantum 
wells 
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Abstract.  Using  photocurrent  spectroscopy  and  dark  current  measure¬ 
ments,  different  electron  transport  mechanisms  in  multistack  multiquantum 
well  detectors  are  investigated.  In  particular  we  will  report  on  the  first  ob¬ 
servation  of  sequential  resonant  tunneling  induced  negative  differential  resis¬ 
tance  in  very  weakly  coupled  multiquantum  wells  (separated  by  44nm  barri¬ 
ers). 


1.  Introduction 

Quantum  well  infrared  photodetectors  (QWIP)  have  been  the  subject  of  a  considerable 
research  effort  [1,2].  Recently  we  reported  on  a  new  infrared  intersubband  detector, 
capable  of  working  in  number  of  modes;  its  features  included  tunability  and  multi-color 
operation  [3,4].  Analysis  of  the  photocurrent  spectrum  and  the  dark  current  enables  one 
to  study  different  transport  mechanisms  of  optically  or  thermally  excited  electrons  in 
these  structures.  In  the  following  sections,  we  will  present  design  and  characterization  of 
the  device  and  will  discuss  the  evidence  for  sequential  resonant  tunneling  induced  electric 
field  domain  formation  in  the  multiquantum  well  region. 


2.  Design  and  characterization  of  the  multistack  infrared  detector 

The  structure  was  grown  by  molecular  beam  epitaxy  on  a  semi-insulating  GaAs  substrate. 
The  multiquantum  well  region,  clad  by  two  n-doped  contact  layers,  consisted  of  three 
stacks  of  25  quantum  wells  each;  the  first  25  wells  (called  stack  (a))  were  3.9  nm  wide 
and  were  separated  by  A/o.38Gao.62As  barriers;  the  second  stack  (b)  consisted  of  4.4  nm 
wide  wells  with  A/o.3oGao.7oAs  barriers;  the  last  stack  (c)  had  5.0  nm  wide  wells  and 
^^o.24G^«o.76^^  barriers.  All  the  barriers  were  44  nm  wide;  the  wells  and  the  contacts 
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Wavenumber  (1/cm) 

Figure  1.  Spectral  photoresponse  for  few  values  of  applied  positive  voltage. 
Note  the  switching  in  peaks  at  an  applied  voltage  around  8,0^.  The  respon- 
sivity,  at  the  peak  of  lUOcm"^  and  the  applied  voltage  of  8.0V,  is  0.75  A/W. 
The  units  are  the  same  for  both  Figure  2  and  Figure  1.  The  inset  shows  the 
device  structure. 


were  uniformly  doped  with  Si  to  n  =  4  x  lO^^cm  ^  (a  schematic  of  the  device  is  drawn 
in  the  inset  of  figure  1).  The  absorption  spectrum  at  zero  field  and  room  temperature, 
obeying  the  intersubband  selection  rule,  showed  a  peak  at  1364  cm  ^  due  to  the  3.9nm 
wells  and  a  stronger  peak  at  964  cm"^  which  is  the  composite  contribution  of  the  two 
other  stacks  of  quantum  wells,  which,  individually,  have  absorption  peaking  at  1080  and 
920  cm“^  [3]. These  results  agree  with  our  design  values;  our  calculations  anticipated 
absorpion  peaks  at  room  temperature  at  1335,1052,  and  880  cm“\  respectively.  The 
blue  shift  in  the  experimental  values  versus  the  calculated  ones  can  be  explained  by 
the  omission  of  the  exchange  interaction  from  our  calculations;  in  these  heavily  doped 
samples,  the  correction  supplied  by  many-body  effects  is  noticeable,  the  existence  of  the 
two  absorption  peaks  that  merge  into  a  wide  and  strong  peak  was  also  experimentally 
verified  by  analyzing  the  absorption  of  a  few  additional  MBE  grown  control  wafers,  which 
were  designed  to  include,  each  time,  only  two  of  the  stacks  described  above. 

Devices  were  processed  out  of  the  grown  wafer  and  prepared  as  etched  mesas, 
200^m  in  diameter.  Figure  1  displays  the  photocurrent  spectroscopy  of  a  device  at 
a  temperature  of  lOK,  for  positive  values  of  applied  voltage.  It  is  seen  that,  for  low 
applied  fields  (<  5V),  the  stack  (a)  of  3.9nm  wells,  closer  to  the  substrate,  provides 
most  of  the  photocurrent  at  the  appropriate  excitation  energies  around  the  peak  of  1450 
cm-h  When  the  bias  is  increased  to  6V,  the  contribution  of  stack  (a)  increases  while  the 
contribution  of  the  other  two  stacks  disappears.  Increasing  the  bias  even  further  (to  7V) 
reduces  the  photocurrent  peak  at  1450  cm-^  but  the  other  two  stacks  start  to  contribute 
again.  When  the  bias  reaches  a  threshold  of  8V,  a  sharp  transition  takes  place  and  the 
responsivity  peak  switches  to  1190  cm  It  is  apparent  that  stack  (b)  and  (c)  are  now 
responsible  for  most  of  the  photocurrent,  while  the  contribution  from  the  stack  (a)  has 
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Figure  2.  Spectral  photoresponse  for  few  values  of  applied  negative  voltage 
for  the  three-stack  quantum  well  infrared  photodetector.  Note  the  broadening 
in  the  spectral  response  below  ~9.0V. 


sensibly  decreased. 

If  we  apply  a  negative  bias  to  the  detector  [see  figure  2],  again,  at  low  voltages,  the 
photocurrent  is  due  mostly  to  electrons  excited  in  the  stack  (a).  The  responsivity  in¬ 
creases  with  the  applied  voltage,  but  its  magnitude  is  always  less  th.an  that  corresponding 
to  the  same  forward  bias;  in  addition,  one  observes  that  the  photocurrent  peak  around 
1450  cm“^  is  50%  broader  in  the  forward  bias  mode.  When  the  bias  is  increased  to 
more  negative  values  (-9V),  the  responsivity  extends  to  lower  energies,  showing  increas¬ 
ing  contributions  from  the  stack  (b):  stack  (a)  still  contributes  equally,  in  contrast  to  the 
sharp  reduction  in  response  experienced  in  the  opposite  polarity  of  the  applied  electric 
field. 

These  features  in  the  photocurrent,  which  are  observed  at  a  temperature  of  lOK, 
persist  at  higher  temperatures.  In  the  reverse  bias  direction,  one  observes  the  same 
general  behavior  also  at  77K.  In  the  forward  polarity,  the  switching  of  the  photoresponse 
from  the  higher  energy  peak  to  the  lower  one  is  observed  up  to  a  temperature  of  60K;  the 
critical  voltage  at  which  the  switching  occurs  increases  slightly  with  the  temperature. 


3.  Current-voltage  characteristics 

The  I-V  curves  of  the  device  at  different  temperatures  are  shown  in  Figure  3.  One  can 
note  a  strong  asymmetry  between  the  two  polarities.  A  fine  structure  in  the  plateau  of 
the  I-V  curves,  corresponding  to  regions  of  negative  differential  resistance,  was  observed. 
For  example  the  T=10K  curve  has  oscillations  in  the  voltage  range  of  -10.0  to  -7.0  volts 
and  -f4.0  to  -f 7.0  volts.  In  each  of  these  intervals  24±2  oscillations  with  a  period  of 
0.128±0.008  volts  were  measured.  Figure  4  shows  an  expansion  of  the  forward  bias 
plateau  region.  One  can  see  in  the  inset,  the  oscillations  of  the  differential  resistance  of 
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Figure  3.  I-V  characteristic  at  different  temperatures.  The  solid  curves  are 
without  illumination  and  the  dashed  ones  are  with  illumination  of  a  black 
body  source.  Note  the  important  contribution  of  photo-assisted  transport  to 
the  total  current,  specially  at  low  biases. 


Voltage  (V) 

Figure  4.  An  expansion  of  the  [+4, +7]  range  in  the  lOK  I-V  curve  (without 
illumination).  One  can  see  24  oscillations  with  a  period  of  0.128±0.008  volts. 
The  inset  shows  oscillations  in  the  differential  resistance  of  the  device. 
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the  device.  This  measurement  gives  a  most  important  clue  to  the  possible  origin  of  pho¬ 
tocurrent  peaks  disappearing  and  switching,  since  these  negative  differential  resistance 
oscillations  are  the  signature  of  the  formation  and  expansion  of  a  high  field  domain  along 
the  sample  multiquantum  well  region  [5,6,7,8,9,10]. 

Basically,  when  a  series  of  quantum  wells  are  under  applied  bias,  a  uniform  dis¬ 
tribution  of  electric  field  is  not  stable  because  all  of  the  quantum  wells  will  be  out  of 
resonance  i.e.  none  of  the  energy  levels  of  pairs  of  adjacent  wells  will  be  aligned.  In¬ 
stead,  the  system  will  settle  into  a  configuration  in  which  the  electric  field  profile  includes 
high  and  low  field  regions.  In  the  high  field  region  we  have  ground  level  to  excited  level 
sequential  resonant  tunneling,  and  in  the  low  electric  field  region  ground  level  to  ground 
level  tunneling.  Transport  within  each  domain  is  thus  resonant,  while  at  the  boundary 
between  the  two  regions  it  is  generally  non-resonant.  This  boundary  then  acts  as  a 
bottleneck  that  limits  the  current.  Charge  accumulation  or  depletion  at  this  boundary 
takes  place  because  of  the  change  in  the  slope  of  electric  fields,  as  required  by  Poisson’s 
equation.  An  increase  in  the  bias  will  cause  more  quantum  wells  to  enter  the  high  field 
domain  region,  and  this  is  reflected  by  the  oscillatory  behavior  in  the  I-V  curve. 


4.  Discussion  and  conclusion 

Under  illumination,  the  light  is  absorbed  in  all  the  quantum  wells  but  only  photoexcited 
carriers  which  are  in  a  region  with  a  high  electric  field  can  be  swept  out  of  the  quantum 
well  and  contribute  to  the  photocurrent.  Those  in  low  field  region  have  a  high  probability 
of  being  recaptured  by  their  own  well,  contributing  negligibly  to  the  photocurrent.  The 
observed  oscillations  in  the  I-V  curve  are  in  the  same  voltage  range  where  photocurrent 
peak  disappearance  and  switching  occurs.  This  is  an  indication  that  electric  field  domain 
formation  can  be  responsible  for  the  observed  behavior  in  the  photocurrent  spectrum. 
On  the  other  hand,  the  low  bias  behavior  of  this  device  did  not  show  any  negative 
differential  resistance,  and  different  contribution  of  the  three  stacks  to  the  photocurrent 
can  be  explained  using  Liu’s  equivalent  circuit  analysis  [11]. 

The  presence  of  plateaux  in  the  I-V  characteristic  is  consistent  with  the  current 
being  limited  by  the  boundary  between  high  and  low  field  domains  (see  e.g.  refs.  [6, 
9]).  The  period  of  oscillation  (0.128±0.008  volts)  is  close  to  the  separation  between 
ground  state  and  the  excited  state  in  stack  (c)  (123  meV).  However,  for  these  bound- 
to- continuum  detectors  where  the  excited  state  is  near  the  quantum  well  edge  (typically 
10  meV  above  the  barrier),  it  is  possible  that  sequential  resonant  tunneling  does  not 
occur  to  the  states  which  are  maximally  localized  in  the  well  region  (corresponding  to 
the  absorption  peak). 

In  conclusion.  We  presented  evidence  of  sequential  resonant  tunneling  induced  neg¬ 
ative  differential  resistance  in  very  weakly  coupled  quantum  wells.  In  the  design  of 
QWIPs,  which  have  long  barriers  to  reduce  the  dark  current,  inter- well  coupling  is  usu¬ 
ally  neglected.  Taking  into  account  transport  through  sequential  resonant  tunneling,  can 
be  used  to  design  detectors  with  improved  performances. 

This  work  was  supported  by  DARPA  and  the  Office  of  Naval  Research. 
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Minority  Carrier  Mobility  and  Density  of  States  in  SiGe  HBTs 
Determined  by  a  New  Method 


A.  Gruhle,  A.  Schiippen,  H.  Kibbel  and  U.  Kbnig 

Daimler-Benz  Research,  W.  Runge  Str.  11,  D-89081  Ulm,  Germany 

Optimization  of  SiGe  HBTs  calls  for  an  exact  knowledge  of  both  mobility  and  density 
of  the  minority  carriers  in  the  SiGe  base.  The  anisotropy  of  the  strained  SiGe  layers 
excludes  usual  extraction  methods.  Only  the  collector  saturation  current  can 
provide  the  unknown  parameters  minority  carrier  mobility  pjj,  the  density  of  states 
Nj.Ny  ,  and  the  bandgap  narrowing  BGN.  However,  it  will  only  give  the  product  of  all 
three.  We  show  how  pN^Ny  can  be  determined  independently  of  AEg  and  BGN  by 
plotting  d/dT  log  (Js)  against  log  (Js),  therefore  being  insensitive  to  errors  in  the  Ge 
content.  Highly  precise  (0.1  °C)  measurements  revealed  that  with  increasing  Ge  from 
0%  to  26%  the  pNj,Ny  product  decreases  by  a  factor  of  3  for  moderate  (lO^^cm"^) 
base  dopings  but  remains  almost  constant  in  the  case  of  lO^^cm"^  bases.  One  possible 
explanation  is  an  increasing  minority  mobility  with  germanium  content. 

1.  Introduction 

The  key  advantage  of  SiGe  heterojunction  bipolar  transistors  (HBTs)  over  conventional  Si 
bipolar  transistors  is  a  thin  and  heavily  doped  base.  The  low  base  resistance  and  the  short 
transit  time  leads  to  high  cutoff  frequencies  above  lOOGHz  /!/  and  low  noise  performance  /2/. 
For  further  device  improvement  an  exact  knowledge  of  both  mobility  and  density  of  the 
minority  carriers  in  the  base  is  necessary.  Usual  extraction  methods  /3/  that  determine  these 
two  parameters  simultaneously  in  silicon  fail  in  the  case  of  strained  SiGe  layers  due  to  the 
anisotropy,  i.e.  the  in-plane  carrier  transport  differs  considerably  from  perpendicular  currents. 
The  only  way  to  obtain  data  on  minority  carrier  transport  through  strained  SiGe  layers  are 
therefore  measurements  on  HBTs  itself,  i.e.  the  variation  of  the  collector  saturation  current 
density  Jg  with  Ge-content,  base  doping  level  and  temperature.  The  expression  for  Jg 

Jg  =  q  a  |Llji  V-p  Gg“l  nj2(Si)  exp(AEg/kT)  exp(BGN)  (1) 

contains  the  product  of  minority  carrier  mobility  density  of  states  a  = 

NcNv(SiGe)  /  NcNyCSi)  between  Si  and  SiGe,  the  base  Gummel  number  Gg  =  |N^,  the 
intrinsic  carrier  concentration  nj^  of  silicon,  the  bandgap  reduction  AEg  and  the  apparent 
bandgap  narrowing  BGN  /5/.  Several  attempts  have  been  made  to  determine  one  or  more  of 
these  parameters  at  different  Ge  contents.  However,  in  practice  measurement  errors  introduce 
large  uncertainties:  (i)  Determination  of  the  Gummel  number  from  base  sheet  resistance 
measurements  gives  a  wrong  value  because  Hall  factor  and  (in-plane)  mobility  are  unknown 
in  SiGe.  (ii)  The  precision  of  the  Ge  percentage  from  RBS  or  X-ray  rocking  is  limited  to  +/- 
0.5%.  (iii)  The  measurement  of  Jg  itself  is  very  sensitive  to  leakage  currents  or  non-ideality 
(e.g.  from  out-diffusion)  and  requires  an  extremely  accurate  temperature  measurement  ,e.g. 
0.1  °C.  A  plot  of  log(Jg)  against  1/T  therefore  usually  shows  a  large  spread  of  the  data  points 
leading  to  uncertainties  of  a  factor  of  two  or  more  of  the  above  parameters. 

This  paper  describes  how  Jg  can  be  measured  with  high  precision  and  it  introduces  a 
new  analysis  method  that  allows  to  separate  some  of  the  above  parameters.  Before  analyzing 
the  measured  Jg  values  it  is  convenient  to  use  a  modified  collector  current  J^  by  eliminating 
the  known  parameters  of  equ.(l).  Dividing  equ.(l)  through  nj^  has  the  advantage  that  the 
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log(Js(l/T)) -curves  become  less  steep.  The  remaining  slope  only  reflects  Eg,  BGN  and  a 
possible  temperature  variation  of  the  other  parameters.  In  silicon  the  relationship  for  nj  is 
74,5/ 

ni2  =  9.61  X  1023  t3  exp(-Eg(T)/kT)  (2) 

where  Eg(T)  is  the  temperature-dependent  bandgap  /4/.  There  are  different  models  for  n^  in 
the  literature,  e.g.  76/  ,  but  they  differ  by  a  few  meV  only.  In  addition,  it  is  the  same  formula 
which  is  used  for  all  HBTs  ,  so  it  cannot  introduce  an  error  when  looking  at  the  relative 
differences  between  the  devices. 

Finally  we  eliminate  Gg"!  by  using  a  high  precision  SIMS  value  (+7-5%)  assuming 
complete  dopant  activation  (MBE  with  elementary  boron  source).  The  modified  current  is 
then 

=  a  p^n  exp(^Eg7kT)  exp(BGN)  =  a  e^P(^Etot/kT)  (3) 


2.  Sample  Preparation 

Device  fabrication  starts  with  4  inch  n+  substrates  .  After  an  RCA  clean  the  wafers  are  loaded 
into  the  MBE  system  where  the  complete  HBT  layer  structure  is  grown  without  interruption. 
Growth  starts  after  a  900°C  flash-off  with  the  100-200nm  thick  collector  layer  doped 
lxl0l2cm-3  by  secondary  ion  implantation  of  Sb.  The  40nm  thick  SiGe  base  is  grown  by 
coevaporation  and  doped  from  an  elementary  boron  effusion  cell.  The  Ge  content  varies 
between  0%  and  26%  at  four  different  doping  levels  of  3xl0l^cm"3,  1x10  ^cm'  , 
3xl0l9cm-3  and  lxl020cm-3.  Undoped  spacer  layers  on  both  the  collector  (lOnm)  and 
emitter  side  (5nm)  avoid  outdiffusion  of  the  boron  out  of  the  base.  This  is  extremely 
important  to  be  sure  that  no  parasitic  conduction  band  barriers  are  formed  which  strongly 
degrade  device  performance  777.  The  emitter  is  70nm  thick  doped  1x10^^  with  Sb  followed 
by  a  230nm  thick  n+  emitter  contact  layer. 

After  unloading  the  wafers  from  the  MBE  system  transistors  are  fabricated  using  a 
double-mesa  technology.  Access  to  the  base  layer  is  done  with  a  selective  KOH  etch  that 
stops  on  SiGe.  Typical  device  sizes  were  5-20xl0-^cm2.  Samples  were  prepared  by  bonding 
the  transistors  into  hermetically  sealed  ceramic  chip  carriers.  The  packages  were  immersed  in 
a  temperature  bath  which  was  controlled  to  an  accuracy  of  0.1  °C.  To  prevent  leakage  currents 
through  the  liquid  in  the  bath  the  packages  and  wires  were  embedded  in  silicone  plastic. 


3.  Measurements 

First  measurements  revealed  that  the  Gummel  plots  obtained  from  an  HP4145B  parameter 
analyzer  were  insufficient  for  the  required  precision  in  our  cases:  The  voltage  resolution  limit 
of  ImV  of  the  HP4145B  leads  to  an  uncertainty  of  of  the  same  magnitude.  (In  addition, 
from  time  to  time  the  self  calibration  feature  causes  shifts  of  almost  ImV).  At  95°C  this 
produces  a  current  error  of  3%  which  corresponds  to  an  unacceptable  temperature  drift  of 
more  than  1°C. 

The  second  point  is  the  fine  tuning  of  V^c  which  is  necessary  when  measuring  Ig  m 
the  pA  range.  This  will  compensate  unavoidable  leakage  currents,  e.g.  due  to  thermoelectric 
voltages.  Depending  on  the  parasitic  resistance  between  base  and  collector  the  fine  tuning 
voltage  is  sometimes  only  fractions  of  a  mV  which  cannot  be  resolved  by  the  HP4145B.  For 
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Fig.l:  Schematic  diagram  for  high  precision  Gummel  plot  measurements 

this  reason  the  measurement  setup  was  modified  according  to  Fig.  1 .  The  base-emitter  voltage 
is  devided  by  10  and  buffered  through  the  high  precision  operational  amplifier  («lmV 
offset).  This  increases  the  voltage  resolution  by  a  factor  of  10.  (The  base  current  certainly 
increases,  however  it  is  unimportant  for  our  measurements).  The  fine  tuning  of  is 
accomplished  by  the  variable  lOKQ  resistor. 

Fig.2  shows  the  Gummel  plot  of  the  collector  current  of  an  HBT  at  4  different 
temperatures  and  the  corresponding  ideality  factors  scaled  in  °C.  This  assumes  an  ideality  of 
1.0  which  in  fact  is  almost  true  for  HBTs  with  high  base  dopings  111.  Usually  several  different 
transistors  were  measured  at  the  same  time  and  their  ideality  factors  indicated  the  same 
temperature  within  an  error  of  O.TC.  Actually,  temperature  measurements  using  the  ideality 


Fig.2:  Collector  current  and  ideality  factor  (scaled  in  °C)  at  four  temperatures 
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factor  were  so  precise  that  they  revealed  the  nonlinearities  of  a  digital  thermocouple 
thermometer  and  up  to  0.5°C  deviation  of  mercury  thermometers.  Care  was  taken  that  only 
HBT  samples  were  evaluated  that  showed  a  plateau  in  the  ideality  curve  within  a  current 
range  of  at  least  2  decades.  In  some  cases  the  transistors  were  measured  in  inverse  operation 
because  of  better  characteristics. 

Unfortunately  a  complete  series  of  HBT  samples  with  low  (SxlO^^cm'^)  base  doping 
had  to  be  excluded  from  the  evaluation  because  of  the  following  reasons:  The  base  thickness 
modulation  increases  the  ideality  factor  111  (typically  1°-2°C  above  the  actual  temperature). 
Therefore  the  correct  temperature  has  to  be  measured  independently.  This  is  no  problem, 
however  the  extrapolation  of  the  J^-curve  will  give  erroneous  results,  particularly  as  the 
optimum  V^e  (in  the  middle  of  the  plateau)  changes  with  temperature.  Much  more  serious  is 
the  fact  that  the  BE  and  BC  space  charge  layers  vary  the  base  Gummel  number  considerably 
(up  to  50%  reduction).  The  exact  value  is  difficult  to  estimate. 

About  20  samples  were  measured  between  -20°C  and  95  °C  at  4  or  5  different 
temperatures.  Plotting  log(Jc  )  versus  1/T  gives  a  curve  which  was  approximated  by  a  straight 
line.  The  slope  can  be  used  to  calculate  AE^ot  •  The  distance  between  the  measured  points  and 
the  curve  (on  the  y-axis,  because  curves  are  relatively  flat)  corresponded  to  less  than  0.2°C 
error.  Samples  with  larger  deviations  were  not  considered. 

4.  Results  and  Discussion 

Fig.  3  is  a  plot  of  log  (Jc300K)  versus  the  Ge  content,  Fig. 4  plots  the  value  of  AE^ot  in  the 
same  way.  Despite  the  precise  Jg-measurements  the  spread  of  the  data  is  considerable  and  no 
tendency  concerning  the  three  different  base  dopings  can  be  found  beside  the  fact  that  there 
seems  to  be  no  BGN  effect  for  high  Ge  concentrations  (in  pure  Si  the  expected  difference  is 
30meV  /5/).  Due  to  the  uncertainty  in  the  germanium  content  each  point  actually  has  a 
horizontal  error  bar  of  +/-  0.5%,  equal  to  the  resolution  of  the  x-ray  rocking  (the  SIMS  value 
is  even  less  accurate).  Vertical  error  bars  are  about  as  large  as  the  symbols  reflecting  +/-  5% 
spread  of  the  Gg-value.  (The  dashed  curve  in  Fig.4  is  the  theoretical  People-Bean-fit  which 
assumes  no  BGN.) 

A  way  of  eliminating  the  Ge-percentage  is  to  plot  AE^q^  against  log  Jc  as  in  Fig.  5. 
The  slope  of  the  curves  is  now  independent  of  errors  in  AEg,  i.e.  uncertainties  in  the 
germanium  content  will  shift  the  measurement  points  up  and  down  the  curve.  A  clear 
difference  between  the  different  base  dopings  can  now  be  observed.  The  dashed  lines  indicate 
the  ideal  slope,  i.e.  if  a[L^  in  equ.(3)  remained  constant.  This  is  obviously  not  the  case,  as  can 
be  seen  even  more  clearly  in  Fig. 6,  where  otpji  has  been  plotted  vs.  the  germanium  content. 

The  value  for  |Ltn  in  the  case  of  the  BJTs  (0%  Ge)  where  a=l  seems  to  be  rather  low, 
references  73/  and  75/  suggest  200-250  cm^TVs.  This  is  because  was  assumed  to  be 
independent  of  temperature  in  equ.(l).  If  a  ITT-relationship  757  is  used  it  has  the  effect  of  an 
additional  AE^orslope  of  about  -25meV  which  in  turn  will  multiply  the  a\L^  -values  of  Fig.6 
by  2.7  leading  in  fact  to  the  correct  BJT-values  (we  did  not  use  the  ITTdaw  in  equ.(l) 
because  of  the  discrepancy  between  references  737  and  757  concerning  the  temperature 
dependence  of  )•  Note  that  the  bandgap  narrowing  is  not  visible  in  Fig.6  because  BGN  is 
part  of  AEtot*  (Unfortunately  there  was  no  BJT-sample  with  IxlO^^cm-^  available). 

The  curves  in  Fig.6  may  be  interpreted  in  several  ways:  If  the  decrease  of  the  1x10 In¬ 
curve  comes  from  the  change  in  a,  it  is  in  fact  the  predicted  ratio  due  to  band  splitting  of 
about  0.3  787.  However,  what  happens  at  higher  dopings?  Is  a  then  constant  or  does  an 
increase  of  the  mobility  Pn  compensate  the  loss?  Another  influence  could  be  the  apparent 
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Germanium  Content  (%) 

Fig.3;  Plot  of  logJ^  vs.  germanium  content 


bandgap  narrowing.  The  Fermi-Dirac  correction  makes  the  BGN  temperature-dependent, 
especially  at  high  dopings  and  small  Ny  -values. 

As  a  conclusion  we  have  shown  that  BGN  and  AEg  may  be  separated  from  apn- 
However,  more  independent  information  about  a  or  is  necessary  to  explain  the  observed 
behaviour. 
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Abstract.  The  formation  of  native  defects  is  discussed  within  the  framework  of  the-  recently 
proposed  amphoteric  native  defect  model.  The  basis  of  the  model  is  the  existence  of  an  energy 
reference  which  is  common  for  compound  semiconductors  and  can  be  used  to  determine  the 
differences  in  the  Fermi  level  dependent  part  of  the  defect  formation  energy  in  various 
semiconductors  and  at  semiconductor  heterointerfaces.  The  model  is  used  to  explain  several 
closely  related  phenomena  including  reduced  electrical  activity  of  shallow  donors  and  acceptors, 
doping  induced  diffusion  of  the  impurities  and  doping  enhanced  superlattice  intermixing. 


1.  Introduction 

Efficient  doping  is  one  of  the  principal  requirements  for  most  of  the  practical  applications  of 
semiconductor  materials.  It  was  recognized  very  early  that  many  semiconductors  are  very 
difficult  to  dope  and  that  in  some  instances  either  n-  or  p-type  of  doping  cannot  be  achieved 
at  all.  This  problem  seems  to  be  especially  critical  for  wide  gap  compound  semiconductors 
which  exhibit  a  very  clear  propensity  to  one  type  of  doping.  Group  III-V  phosphides  and 
nitrates  are  in  general  good  n-type  materials,  whereas  arsenides  and  antimonides  can  be 
easily  doped  with  acceptors.  Among  the  group  II- VI  semiconductors  all  selenides  and 
sulfides  show  an  inclination  to  n-type  doping  while  p-type  doping  is  very  difficult  to  achieve 
in  these  materials. 

The  reduced  electrical  activity  of  intentionally  introduced  dopants  has  been  widely 
studied  and  is  a  hotly  debated  issue.  Several  different  models  were  put  forward  to  explain 
this  phenomenon  [l]-[6].  It  was  proposed  that  in  some  instances  the  maximum  doping  levels 
resulted  from  a  limited  solubility  of  a  given  dopant  [6]  or  from  doping  induced  structural 
transformation  of  the  dopant  site  [5].  Other  models  tend  to  emphasize  the  role  of  native 
defects  which  compensate  intentionally  introduced  dopants[l]-[4].  The  latter  models  were 
especially  successful  in  explaining  the  difficulties  encountered  in  the  doping  of  wide  gap 
semiconductors.  It  has  been  argued  that  a  change  of  the  doping  from  p-  to  n-type  in  a  wide 
gap  semiconductor  is  accompanied  by  a  large  shift  of  the  Fermi  energy  position  resulting  in 
a  change  of  the  formation  energy  and  concentration  of  compensating,  charged  defects  [2], 
[3]. 


In  this  paper  we  will  show  that  the  reduced  electrical  activity  as  well  as  enhanced 
dopant  and  self-diffusion  can  be  understood  from  a  single,  unifying  point  of  view.  The  key 
point  of  our  approach  is  the  introduction  of  the  Fermi  level  stabilization  energy  as  a 
common  energy  reference  that  can  be  used  calculate  the  differences  in  the  formation  energy 
of  compensating  native  defects  in  various  semiconductors.  It  will  be  shown  how,  within  this 
concept,  one  can  explain  experimentally  observed  trends  in  dopant  activation,  dopant 
diffusion  and  dopant  induced  superlattice  intermixing  in  compound  semiconductors. 

2.  Formation  Energy  of  Defects 

Under  equilibrium  conditions  the  concentration  of  a  defect  depends  on  its  Gibbs  free  energy 
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G  =  E+pV*-TS  (1) 

where  E  is  the  internal  energy,  p  is  the  pressure,  V*  is  the  defect  activation  volume  and  S  is 
the  entropy.  The  pressure  dependent  term  pV*  in  Eq.  1  plays  a  important  role  only  in 
materials  strained  due  to  either  lattice  mismatch  [7]  or  application  of  external  hydrostatic 
pressure  [8].  In  homogenous  semiconductors  under  ambient  pressure  this  term  can  be  safely 
neglected.  In  semiconductors,  typical  entropies  range  from  5  kg  to  10  ks  and  should  be 
very  similar  for  the  same  type  of  defects  in  different  semiconductor  materials.  Since  here  we 
are  mostly  interested  in  comparing  behavior  of  the  same  type  of  defect  in  various  systems 
we  can  assume  that  the  entropy  term  is  constant. 

The  formation  energy  of  a  charged  defect  depends  on  the  location  of  the  Fermi 
energy  with  respect  to  the  defect  charge  transition  states.  In  general  the  location  of  the 
charge  transition  states  are  not  well  known,  therefore  one  has  to  resort  to  another  energy 
reference  to  measure  the  changes  in  the  Fermi  energy  position.  In  standard, 
phenomenological  models  of  defect  formation  the  Fermi  energy  is  usually  measured  with 
respect  to  the  Fermi  energy  in  intrinsic  material.  It  has  been  shown,  however,  that  since  the 
location  of  this  energy  reference  is  determined  by  the  low  density  of  states  conduction  and 
valence  band  edges  it  has  no  relationship  to  the  highly  localized  states  of  native  defects. 

A  more  convenient  and  much  more  appropriate  energy  reference  to  calculate  the 
formation  energy  of  native  defects  has  been  proposed  recently  [9].  The  Fermi  level 
stabilization  energy  Eps  is  defined  by  the  location  of  the  Fermi  energy  in  a  heavily  damaged 
semiconductor  crystal.  It  has  been  found  that  this  energy  reference  is  almost  constant  for  all 
compound  semiconductors  when  measured  with  respect  to  the  vacuum  level.  For  the  Fermi 
energy  Ep  >  Eps  (Ep  <  Eps)  acceptor  (donor)  -like  defects  are  predominantly  formed  [9]. 
The  formation  energy  of  a  highly  localized  defect  can  then  be  written  as, 

Ef  =  Efo  ±  s(Ep-Efs)  (2) 

where  Efo  is  the  formation  energy  of  the  defect  for  Ep  =  Eps  and  s  the  charge  state  of  the 
defect.  It  can  be  easily  seen  from  Eq.  2  that  the  formation  energy  is  greatly  reduced  for  the 
defects  which  can  support  multiple  charges.  The  extent  of  the  possible  reduction  of  the 
defect  formation  energy,  given  by  the  second  term  in  Eq.  2,  depends  on  the  semiconductor 
band  gap.  Also  it  is  quite  evident  that  doping  of  a  semiconductor  affects  the  formation 
energy  and  also  abundances  of  native  defects.  The  concept  of  the  Fermi  level  stabilization 
energy  has  been  applied  to  understand  a  variety  of  defect  related  phenomena  in 
semiconductors  [3],  [9],  [10].  The  following  will  give  a  few  examples  of  the  application  of 
this  concept  to  the  understanding  of  the  dopant  activation  and  doping  enhanced  diffusion. 

3.  Dopant  activation  and  diffusion  in  n-type  semiconductors 

Heavily  doped  n-type  GaAs  is  an  example  of  a  most  extensively  studied  system  where  both 
the  dopant  activation  as  well  as  dopant  and  self  diffusion  are  directly  affected  by  the 
location  of  the  Fermi  energy  [3],  [4],  [11].  In  this  case  the  dominant  defects  are  triply 
negatively  charged  gallium  vacancies  (Vca^')-  GaAs  Eps  =  Ec  -  0.8  eV,  therefore  in 
material  with  a  free  electron  concentration  in  mid  10 1^  cm"3  Ep  =  Ec  and  according  to  Eq.  2 
the  formation  energy  of  Voa  is  reduced  by  about  2.4  eV.  This  large  reduction  in  the 
formation  energy  leads  to  a  dramatic  increase  of  the  concentration  of  Vca  acceptors  which 
compensate  intentionally  introduced  donors  and  lead  to  increased  diffusion. 

Results  of  calculations  of  the  electrical  activity  of  donors  in  GaAs  are  shown  in  Fig. 
1  [3].  It  is  seen  that  for  the  donor  concentration  up  to  the  threshold  of  about  3x10^^  cm'^, 
practically  all  the  donors  are  electrically  active.  At  doping  levels  exceeding  the  threshold 
value  the  free  electron  concentration  tends  to  saturate.  The  saturation  is  a  consequence  of  an 
increased  incorporation  of  compensating  Vca-  It  is  also  seen  that  the  calculations  are  in 
good  agreement  with  the  experimental  data  obtained  for  various  donors  [3]. 
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Fig.  1.  Free  electron  vs.  donor  concentration  for  a 
different  donor  species  in  GaAs.  The  solid  line 
represents  the  theoretical  calculations  assuming  that 
gcdlium  vacancies  are  the  compensating  acceptors. 


The  increased  incorporation  of  Vca 
at  high  doping  levels  also  has  a  profound 
effect  on  self-diffusion.  One  of  the  most 
spectacular  and  easy  to  observe 
manifestations  of  self-diffusion  is  the  so 
called  superlattice  intermixing.  Annealing  of 
a  GaAs/AlAs  superlattice  at  high 
temperatures  leads  to  the  diffusion  of  group 
III  atoms  and  to  a  destruction  of  the 
superlattice  [12].  It  has  been  demonstrated 
that  interdiffusion  is  strongly  enhanced  by 
n-type  doping  and  that  very  rapid 
intermixing  of  GaAs/AlGaAs  superlattice  is 
observed  for  doping  levels  exceeding  the 
threshold  value  of  3x10^^  cm“3.  Such 
behavior  can  be  understood  assuming  that 
gallium  vacancies  are  responsible  for  the 
interdiffusion. 

The  calculated  diffusion  coefficient 
for  group  III  atoms  in  the  GaAs/AlGaAs 


superlattice  is  shown  in  Fig.  2  [3].  It  was  assumed  that  the  diffusivity  is  proportional  to  the 
concentration  of  gallium  vacancies  [Vca]-  At  doping  levels  Np  <  3x10^^  cm'^  [Vcal  ~  Nd^ 
~  n3  for  Nd  above  the  threshold  value  [Vcal  ^  Nd  ~  n^  .  Again  the  results  of  the 
calculations  seem  to  be  in  reasonably  good  agreement  with  available  experimental  data  for 
Si  doped  superlattices  [12].  The  onset  of  a  fast  GaAs/AlGaAs  superlattice  intermixing  at 
threshold  carrier  concentration  of  about  3x10^^  cm’^  has  also  been  confirmed  in  an 
experiment  in  which  Si  ions  were  implanted  into  a  superlattice  [13].  Total  intermixing  was 
observed  only  in  the  implanted  region  where  the  free  carrier  concentration  exceeded  the 
threshold  value. 


A  number  of  experiments  on  the  diffusion  in  n-type  doped  GaAs  [14]  and  on 
selectively  Si  doped  GaAs/AlGaAs  heterostructures  [15]  have  shown  that  for  doping  levels 
higher  than  the  threshold  value  a  rapid  redistribution  of  Si  atoms  is  observed.  Thus  in 
MOVPE  grown  GaAs,  a  large  enhancement  of  the  diffusion  rate  of  Si  atoms  was  observed 
when  the  doping  level  was  changed  from  1.7x10^^  to  4xl0l^  cm'3  [15].  It  has  also  been 
found  that  annealing  under  Ga  deficient  conditions  leads  to  further  acceleration  of  the 
diffusion  process. 


Fig.  2.  Interdiffusion  coefficient  for  Si  doped  superlattice. 
The  theoretically  calculated  curve  was  obtained  assuming 
that  the  interdiffusion  is  proportional  to  the  concentration  of 
gallium  vacancies. 


All  these  experimental  and 
theoretical  results  provide  very 
convincing  support  for  the  early 
assertions  [3]  that  the  Fermi  energy 
induced  reduction  of  the  formation 
energy  of  Vca  defects  is  responsible 
for  the  low  activation  efficiency  of 
donor  dopants  and  explains  dopant  and 
self-diffusion  related  phenomena  in 
heavily  doped  n-GaAs.  Although  much 
less  work  has  been  done  on  other 
semiconductors  it  has  been 
demonstrated  that  there  is  a  clear 
correlation  between  the  location  of  Eps 
and  activation  efficiency  of  donor  and 
acceptor  impurities.  InP  with  Eps  =  Ec 
-  0.4  eV  can  be  easily  doped  with 
donors  and  concentrations  of  free 
electrons  approaching  10^0  cm-^  have 
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been  reported  while  p-type  doping  is  limited  to  the  mid  10^^  cm"^  level.  An  interesting  case 
is  represented  by  Ino.53Gao,47As  a  ternary  compound  in  which  Eps  =  Ec  -  0,25  eV.  This 
material  can  be  heavily  doped  with  donors  to  levels  much  higher  than  in  GaAs.  Also  the 
value  of  n  =  1.3x10  cm-^  has  been  found  as  the  threshold  electron  concentration  for  the 
onset  of  the  intermixing  of  InGaAs/InAlAs  superlattice  [16].  This  is  a  much  higher 
concentration  than  the  threshold  value  of  n  =  3x1018  cm-3  found  for  GaAs.  However  it 
should  be  noted  that  in  both  cases  that  the  Fermi  energy  for  the  threshold  concentrations  is 
located  at  about  0.8  eV  above  EFS.  This  again  confirms  that  the  formation  of  the  defects 
responsible  for  the  intermixing  is  controlled  by  the  Fermi  energy  as  given  by  Eq.  2. 


4.  Dopant  activation  and  diffusion  in  p-type  semiconductors 

Numerous  studies  of  group  n  acceptor  doping  indicate  that  the  free  hole  concentration  tends 
to  saturate  near  10^0  cm-3  in  GaAs  and  at  a  much  lower  concentration  of  about  (3  to  5)xl0l8 
cm -3  in  InP[17].  These  concentrations  correspond  to  Fermi  energy  positions  at  Ey  -  0.2  eV 
in  GaAs  and  Ey  +  0.16  eV  in  InP.  With  the  known  valence  band  offset  of  0.35  eV  we  find 
that  in  both  materials  the  Fermi  level  is  located  at  a  constant  position  of  about  0.8  eV  below 
Eps-  This  shows  that  even  without  any  knowledge  of  the  nature  of  the  compensating  defects 
the  location  of  the  valence  band  relative  to  Eps  can  be  used  to  estimate  the  maximum  hole 
concentrations  that  can  be  attained  in  a  given  material.  Thus  from  the  known  valence  band 
offset  of  0.5  eV  between  GaAs  and  AlAs  one  could  expect  much  lower  activation  of  group 
II  acceptors  in  a  material  with  higher  A1  content.  This  has  been  confirmed  by  studies  of  Be 
doped  GaAs/AlAs  superlattices.  It  has  been  found  that  Be  implanted  into 
GaAs/Alo.3Gao.7As  structures  segregates  into  GaAs  [18].  The  concentration  of  Be  in 
AlGaAs  was  4  times  smaller  than  that  in  the  GaAs  layers.  It  should  be  noted  that  the 
redistribution  occurred  very  rapidly  during  3  s  rapid  thermal  annealing  at  860  ^C.  Even 
more  drastic  segregation  effects  were  observed  during  epitaxial  growth  of  Be  doped 
GaAs/AlAs  superlattices  [19].  It  has  been  found  that  although  uniform  doping  at  the  level 
of  2xl0l9  cm-3  was  attempted,  the  maximum  Be  concentration  in  AlAs  was  only  5xl0i" 
cm-3.  All  the  excess  Be  segregated  into  the  GaAs  layers. 

Similar  behavior  of  group  11  acceptors 
was  also  observed  in  Ino.5(Gai.xAlx)o.5P 
quaternaries  lattice  matched  to  GaAs.  The 
electrical  activity  of  Zn  acceptors  was  found 
to  decrease  by  almost  one  order  of  magnitude 
p  with  an  A1  content  increasing  from  0  to  70  % 

^  [20].  Fig.  3  shows  the  location  of  the  Fermi 

energy,  Ep,  calculated  for  the  maximum  hole 
concentration  as  a  function  of  A1  content  at 
the  growth  temperature  of  about  1000  K.  It  is 
quite  evident  that  Ep  remains  constant  and  is 
located  at  about  Eps  -  0.45  eV. 

We  will  show  here  that  this  behavior 
E  of  the  acceptors  can  be  understood  in  terms  of 
a  balance  between  substitutional  acceptors 
3  and  interstitial  donors.  Doping  of  an  AniBy 
compound  with  group  II  acceptors  (F) 
proceeds  via  the  reaction. 


0.0  1-1 
Composition,  x 


Fig.  3.  Location  of  the  Fermi  energy  for  the 
maximum  hole  concentration  in  Zn  doped 
Ino.5(Gai_xAlx)0.5P  measured  with  respect  to 
Fermi  level  stabilization  energy.  The  position  of  the 
valence  band  edge  Ey  is  also  shown. 


Fi^'*"  +  AA  Fa‘ +  AiS+ +  (r-s+l)h  (3) 

where  h  is  a  hole  at  the  Fermi  energy  and  the 
superscripts  represent  the  charge  state. 
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Experiments  on  group  II  acceptor  diffusion  indicate  that  (r  +s  +  1)  =  2  which  means 
that  2  holes  are  formed  at  the  Fermi  energy  when  the  reaction  3  proceeds  from  the  left  to 
the  right  hand  side.  The  energy  required  for  the  reaction  (3)  is, 

Ef  =  EKFa)  +  Ef(Ai)  +  2(Efs-Ef)  -  Ef(F0  (4) 

where  Ef( . )  represents  the  formation  energy  of  a  given  species  for  Ep  =  Eps- 

At  elevated  temperatures  when  the  defects  are  in  a  thermal  equilibrium  the 
substitutional  to  interstitial  concentration  ratio  is  given  by  [21], 

[FA]/[Fi]  =  exp(-Ef/kBT)  =  exp[2(Ep  -  EsO/kfiT]  (5) 

where 


Esi  =  [Ef(FA)  +  Ef(Ai)  +  2Eps  -  Ef(Fi)]/2  (6) 

Here  Esi  plays  the  role  of  an  energy  reference  for  the  reaction  (2).  With  increasing  doping 
level  the  Fermi  energy  shifts  down  towards  Egi  leading  to  a  higher  concentration  of  the 
interstitials  donors  which  compensate  substitutional  acceptors.  This  process  results  in  a 
saturation  of  the  free  hole  concentration.  The  experimental  results  on  the  GaAlAs  and 
InGaAlAs  systems  indicate  that  over  the  whole  A1  composition  range  Esi  is  located  at  the 
same  energy  relative  to  Epg. 

According  to  the  substitutional-interstitial  model  [22]  the  reaction  (3)  is  also 
responsible  for  the  diffusion  of  group  II  acceptors  in  III-V  semiconductors  and  for  diffusion 
enhanced  superlattice  intermixing  [11].  Again  these  processes  are  controlled  by  the  location 
of  the  valence  band  edges  with  respect  to  Eps  and  the  onset  for  the  diffusion  correlates  with 
the  saturation  of  electrical  activity  of  the  acceptors. 


The  problem  of  the  low  electrical  activity  of  dopants  is  especially  critical  in  II- VI 
semiconductors.  A  great  deal  of  effort  has  been  directed  towards  improving  the  electrical 
activity  of  acceptors  in  ZnSe  and  related  ZnMgSSe  compounds  lattice  matched  to  GaAs 
substrates.  It  has  been  shown  in  a  recent  study  that  an  increase  in  the  Mg  and  S  contents 

leads  to  a  larger  band  gap  and  also  results  in  a 
, ,  rapid  deterioration  of  the  activation  efficiency 

of  N  acceptors  [23].  A  maximum  free  hole 
concentration  of  6x10^^  cm‘3  has  been  achieved 
^  -'••0-  in  ZnSe.  However  in  Zno.8Mgo.2So.26Seo.74 

s.  with  an  energy  gap  of  3.15  eV  the  free  hole 

^  o  concentration  is  limited  to  2.5x10^^  cm'^-  This 

—  pp  behavior  of  N  acceptors  has  been  explained 

^  within  the  concept  of  the  amphoteric  native 

^  defect  model  [24].  It  has  been  argued  that 

'  '  increasing  the  S  content  leads  to  a  downward 

^ - shift  of  the  valence  band  edge  measured  with 

- ' - ' - ►  respect  to  Eps-  Consequently,  according  to 

°  VBM  reaction  (3),  this  will  result  in  a  lower  maximum 

A  Eg  (eV)  free  hole  concentration.  The  Fermi  energy 

calculated  for  the  maximum  free  hole 
Fig.  4.  Fermi  energy  for  the  maximum  hole  concentration  is  shown  in  Fig.  4.  It  is  seen  from 
concentration  as  a  function  of  the  change  in  the  figure  that,  similarly  as  in  the  case  of 
energy  gap  in  N  doped  ZnxMgi_xSySe  i_y  lattice  InGaAlP,  the  Fermi  energy  remains  constant 
matched  to  GaAs.  The  energy  is  measured  relative  to  Eps.  This  indicates  that  the  concept  of 
relative  to  Eps.  Also  shown  is  the  location  of  the  common  energy  reference  can  also  be 
valence  band  maximum,  VBM.  applied  to  group  II- VI  compounds. 


A  Eg  (eV) 


valence  band  maximum.  VBM. 
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Although  in  discussing  the  deactivation  of  acceptors  in  p-type  semiconductors  we 
have  considered  the  interstitials  as  the  compensating  donor  species  it  is  evident  that  a  similar 
result  will  be  obtained  if  the  compensation  is  realized  by  any  highly  localized  donor  for 
which  a  charge  transition  state  is  pinned  to  the  Fermi  level  stabilization  energy.  In  particul^ 
the  same  concept  should  be  applicable  to  donors  resulting  from  structural  transformation  in 
which  either  acceptor-host  or  host-host  bonds  are  broken  [25]. 
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Abstract  The  thermal  stability  of  carbon  doped  GaAs  layers  grown  by  chemical 
beam  epitaxy  (CBE)  with  different  doping  levels  was  investigated.  The  influence  of 
annealing  temperature  and  doping  level  on  minority  carrier  lifetime,  hole  concen¬ 
tration  and  lattice  parameter  was  observed  and  discussed.  In  order  to  determine  the 
origin  of  the  variations  of  the  electrical,  optical  and  structural  properties  of  the 
GaAs:C  epitaxial  layers  after  thermal  anneahng,  we  have  performed  secondary  ion 
mass  spectrometry,  Raman  spectroscopy  and  infrared  absorption  measurements  on 
the  as-grown  and  annealed  GaAs:C  epilayers. 


i.  Introduction 

Carbon  has  attracted  considerable  interest  as  a  p-type  dopant  for  GaAs,  mainly  b^ause 
of  its  extremely  high  incorporation  level  (>  5x10^°  cm'^)  [1]  and  small  diffusion  coefficient  as 
compared  to  Be  or  Zn.  From  an  application  view  point,  such  a  heavily  doped  p-type  GaAs  layer 
is  suitable  for  the  base  layer  to  improve  high  frequency  performances  of  heterojunction  bipolar 
transistors  (HBTs).  These  applications  require  the  C-dopant  to  be  stable  under  high  current 
operation  or  after  technological  thermal  treatments. 

However,  it  has  been  reported,  that  the  fraction  of  electrically  active  carbon  in  as-grown  and 
annealed  GaAs:C  epilayers  varies  depending  on  the  carbon  concentration,  growth  method, 
carbon  sources  used  and  annealing  conditions  [2,3].  Moreover,  a  drastic  degradation  of  the 
current  gain,  induced  by  a  regrowth  process,  was  observed  in  selectively  regrown  HBTs  [4]. 

In  this  work,  we  report  a  systematic  study  of  the  thermal  stability  of  carbon  dop^  GaAs 
layers  (1x10**  -  3x10^°  cm'^)  grown  by  chemical  beam  epitaxy  (CBE),  by  correlating  their 
electrical,  optical  and  structurS  properties  before  and  after  annealing.  These  results  are  dis¬ 
cussed  and  compared  to  carbon  doped  GaAs  layers  grown  by  metalorganic  vapor  phase  epitaxy 
(MOVPE). 


2.  Experimental  procedure 

The  C-doped  GaAs  epilayers  were  grown  by  CBE  on  2- inch  diameter  semi-insulating 
GaAs  (001)  substrates.  The  source  materials  for  As,  Ga  and  C  dopant  were  trimethylgallium 
(TMG)  and  arsine  (ASH3)  at  growth  temperatures  in  the  range  500  to  650* C.  Unlike  conven¬ 
tional  CBE  process  where  hydrogen  is  used  as  carrier  gas,  our  experiments  were  performed 
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with  no  carrier  gas,  because  hydrogen  reacts  with  alkyls,  and  reduces  the  carbon  incorporation. 
Typical  thicknesses  of  the  epilayer  varies  in  the  range  0.5-2.5  [xm. 

The  post  growth  annealing  of  the  samples  covered  with  silicon  nitride  cap  layers  was  earned 
out  at  temperatures  ranging  from  450  to  800" C  for  5  to  60  min  under  a  nitrogen  gas  flow  in  an 
ordinary  furnace  with  an  open  quartz  tube. 

The  minority  carrier  lifetime  was  evaluated  using  a  time-resolved  photoluminescence 
technique  using  the  730  nm  line  of  a  mode-locked  Ti: Sapphire  laser.  The  Hall  effect  measu¬ 
rements  of  the  carrier  concentration  were  conducted  using  the  Van  der  Pauw  method.  The 
absolute  concentration  of  C  and  H  atoms  was  measured  by  secondary  ion  mass  spectrometry 
using  a  primary  beam  of  Cs^  ions.  The  variations  of  the  lattice  deformation  of  the  samples  was 
investigated  with  a  double-crystal  X-ray  diffractometer  using  the  (004)  Bragg  reflection  and 
CuKa  radiation.  Infrared  absorption  measurements  were  made  at  liquid  He  temperature  with  a 
Bomem  DA8  Fourier-Transform  spectrometer.  Raman  experiments  were  performed  at  77  K 
using  the  457.96  nm  line  of  an  Ar^  ion  laser  at  a  power  density  of  200  W.cm' . 


3.  Results  and  discussions 


The  photoluminescence  decay  measurements  were  performed  on  double  heterojunctions 
(DH),  where  a  200  nm  thick  GaAsrC  active  layer  is  confined  between  250  nm  of  undop^ 
Alo3Gao7As.  Figure  1  shows  the  degradation  ratio  of  the  minority  carrier  lifetime,  measured  m 
the  GaAs:C  layers,  before  (Xeo)  and  after  (Xe)  thermal  treatments  for  two  doping  levels  as  a 
function  of  annealing  temperature.  It  can  be  observed  from  Fig.l,  that  the  electron  lifetime 
decreases  after  annealing  and  this  degradation  effect  is  more  pronounced  at  high  C  concentra¬ 
tion  and  high  annealing  temperatures. 
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Fig.l :  Minority  carrier  lifetime  degradation  ratio  (tAo)  Fig.2  :  Hole  concentration  vs  total  atomic  carbon 
as  a  function  of  the  annealing  temperature.  concentration  for  as-grown  (•)  and  annealed  (o)  OaAs.C 

epilayers. 

Hall  effect  measurements  were  performed  in  order  to  determine  the  active  concentration 
of  carbon  before  and  after  a  650"C  -  60  min  annealing  treatment  (Figure  2).  For  low  C-doping 
levels  (in  the  1-10x10^*  cm’^  range),  the  hole  concentration  remains  constant  after  annealing. 
Between  1x10^^  and  6x10^’  cm'^  a  slight  increase  of  the  hole  concentration  was  observed, 
corresponding  to  a  reactivation  of  C  atoms,  associated  to  the  out-diffusion  of  H,  as  will  be 
shown  from  SIMS  measurements.  Hydrogen  is  known  to  compensate  electrically  active  carbon 
to  form  neutral  C-H  complexes  [5].  Above  6x10^’  cm  ^  C-doping  level,  the  hole  concentration 
was  found  to  decrease,  indicating  the  possible  occurrence  of  a  self  compensating  phenomena. 
The  same  behavior  was  also  observed  in  the  three  doping  regions  for  the  MOVPE  grown 
epilayers. 
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From  SIMS  measurements,  the  concentration  of  incorporated  H  during  the  growth  of 
C-doped  GaAs  layers  was  found  to  increase  with  the  C-doping  level  (Figure  3).  Moreover,  it 
can  be  observed  that  the  amount  of  H  incorporated  in  the  MOVPE  layers  is  much  higher  th^ 
that  obtained  from  the  CBE  grown  layers.  Fig.3  also  shows  a  decrease  of  the  hydrogen  level  in 
the  epilayers  after  a  650“C-^  min  anneal.  Since  incorporation  of  C  from  TMG  induces  incor¬ 
poration  of  C-H  complexes  [5],  the  decrease  of  the  H  concentration  corresponds  to  a  breakdown 
of  the  C-H  bonds.  These  results  are  in  agreement  with  the  observed  increase  of  the  hole 
concentration  after  annealing,  in  the  medium  doping  range,  attributed  to  the  reactivation  of  the 
carbon  atoms. 
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Fig.3 :  Hydrogen  concentration  vs  Carbon  concentration  Fig.4  :  Relative  lattice  contraction  parameter  vs  atomic 
for  as-grown/annealed  (bSO’C,  60  min)  GaAs:C  layers,  carbon  concentration  for  as-grown  and  annealed  (650*C, 

60  min)  GaAs:C  samples. 

Figure  4  shows  the  effect  of  annealing  on  the  lattice  deformation  in  the  C  doped  GaAs 
epilayers.  The  CBE  grown  layers  are  still  elastically  strained  for  C  concentrations  <  6x10  ’ 
cm'^.  Whereas,  a  slight  increase  of  the  lattice  contraction  parameter  (-  Aa/a)  was  observed  for 
an  MOVPE  layer  doped  to  3x10’^  cm  ^  This  increased  lattice  mismatch  was  related  to  the 
removal  of  hydrogen  [5]  after  the  thermal  treatment.  A  significant  decrease  was  observed  in  (- 
Aa/a)  for  the  more  heavily  doped  samples  (p  >  1x10^^  cm‘^)  after  annealing.  The  reduction  in  (- 
Aa/a)  eliminates  the  self-compensating  hypothesis  of  C  site  switching  from  C^g  to  Cq,,  because 
of  the  very  close  values  of  the  atomic  radii  of  Ga  and  As.  Hofler  et  al  [6]  have  attributed  the 
lattice  relaxation  observed  at  high  doping  levels  in  MOCVD  layers  to  a  displacement  of  carbon 
from  substitutional  to  interstitial  sites.  An  alternative  explanation  for  the  observed  change  of 
Aa/a  could  be  attributed  to  the  generation  of  misfit  dislocations  after  annealing. 

Because  hydrogen  is  known  to  compensate  electrically  active  carbon  to  form  neutral  C-H 
complexes  in  GaAsrC  layers  grown  from  MOVPE  and  MOMBE  [5],  we  have  performed  local 
vibrational  mode  (LVM)  infrared  absorption  measurements  on  the  as-grown  and  annealed 
epitaxial  layers. 

Infrared  absorption  spectra  of  an  as-grown  MOVPE  GaAs:C  epitaxial  layer  doped  to  1x10^ 
cm'^  is  shown  in  Fig.5.  The  dominant  feature  observed  at  2637  cm’^  is  assigned  to  the 
H-stretching  vibration  of  the  H-passivated  C^g  acceptor  (Cas-H)  [7].  The  intensity  of  this  Ca,-H 
band  was  found  to  disappear  after  annealing  (650“C,  60  min)  in  all  MOVPE  layers.  These 
results  confirm  the  reactivation  of  C,  observed  from  Hall  effect  measurements. 

However,  no  C-H  complexes  were  detected  for  both  as-grown  and  annealed  CBE  layers,  in 
spite  of  the  slight  increase  of  the  hole  concentration  observed  for  medium  doping  rzmge.  This 
was  confirmed  by  Raman  scattering  :  only  a  very  weak  (C-H)  line  is  observed,  which  disap¬ 
pears  after  annealing.  This  suggests  that  only  weak  hydrogen  passivation  of  the  C  acceptors 
occurs  in  the  CBE  grown  layers  as  compared  to  MOVPE  ones.  This  was  attributed  to  the 
growth  conditions  used  in  this  study,  which  allow  little  incorporation  of  hydrogen  as  shown 
from  SIMS  measurements  (Fig.3). 
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Fig.5  :  ER  absoqjtion  spectra  at  6  K  of  the  (C-H)  related  Fig.6  :  Low  temperature  Raman  spectra  for  as-grown 
complexes  fora  IxlO^cm^  GaAs:C  grown  by  MOVPE.  and  annealed  (650*C,  60  min)  GaAs:C  sample  doped  to 

1.8x10“  cm'^  grown  by  CBE. 


Figure  6  displays  the  as-grown/annealed  (650‘C,  60  min)  Raman  spectra  of  a  highly  C 
doped  GaAs  layer  (1.8x10^°  cmr)  grown  by  CBE.  The  LVM  of  subsitutional  C  on  As  site  (CaJ 
is  revealed  at  578  cm  \  The  broad  band  centred  at  540  cm'^  corresponds  to  the  intrinsic 
second-order  phonon  scattering  [8].  We  observed  on  this  sample  (see  Fig.6)  that  the  intensity 
of  the  Cas  LVM  (normalized  to  the  intensity  of  the  intrinsic  second-order  phonon  scattering  at 
540  cm'")  decreases  after  annealing.  The  decrease  in  C^s  intensity  corresponds  to  a  change 
location  of  the  C  atoms  after  annealing.  This  displacement  of  C  should  result  in  the  formation 
of  recombination  centers  (As  vacancies)  and/or  nonradiative  recombination  centers  (precipi¬ 
tates  or  interstitial  carbons). 


4.  Conclusion 

In  summary,  we  have  studied  the  thermal  stability  of  heavily  doped  GaAs:C  films  grown 
by  CBE.  We  have  shown  that  degradation  effects  are  more  drastic  as  the  annealing  temperature 
and  C-doping  level  increase.  Our  data  also  show  that  the  concentration  of  substitutional  carbon 
(Cas)  decreases  after  annealing.  The  strong  decrease  in  minority  carrier  lifetime  indicates  that 
annealing  results  in  the  formation  of  recombination  centers  and/or  lattice  defects,  especially  for 
highly  doped  samples  (>  6x10^^  cm'^).  The  observed  compensation  could  be  attributed  to  the 
presence  of  intrinsic  defects  such  as  As  vacancies  and/or  to  C  site  changes  from  the  substitu¬ 
tional  acceptor  to  the  interstitial  which  forms  a  non  radiative  recombination  center.  Finally, 
these  results  show  that  high  C-doping  levels  and  high  temperature  treatments  should  be  avoid^ 
during  device  processing. 
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Abstract.  Independent  of  the  doping  technique,  the  electrical  efficiency  of  C  doped  GaAs 
is  less  than  100%.  We  have  shown  that  Raman  spectroscopy  provides  direct  evidence  for 
the  formation  of  C  precipitates  in  GaAs.  GaAs  samples  doped  with  C  and  annealed  at 
various  temperatures  exhibit  two  broad  peaks  in  the  Raman  spectra  at  1585  cm“^  and 
1355  cm“^  which  are  characteristic  of  two  sp^  bonded  C  atoms.  Photoluminescence  of 
annealed  C  doped  GaAs  indicates  the  presence  of  compensating  defects  as  well.  Both 
precipitation  of  C  and  compensation  due  to  native  defects  play  a  role  in  the  reduction  of 
the  electrical  activity  of  C  doped  GaAs. 


1.  Introduction 

Carbon  is  one  of  the  technologically  most  important  acceptor  dopants  in  GaAs.  Its 
diffusion  coefficient  is  at  least  one  order  of  magnitude  lower  than  those  of  the  other  common 
p-type  dopants  in  GaAs  providing  better  device  stability.  A  number  of  research  groups  have 
grown  epitaxial  layers  with  ultra  high  concentrations  (>10^1  cm"^)  of  free  holes  using  C 
doping.[l,2]  However,  at  high  concentrations,  the  doping  in  these  layers  is  not  thermally 
stable. [3,4]  Annealing  above  650°C  results  in  a  rapid  decrease  in  the  free  hole  concentration. 
Independent  of  the  original  C  concentration  or  the  growth  technique,  the  hole  concentration 
tends  toward  an  ultimate  limit  of  approximately  5  ><10^9  cm"^.  In  addition  to  the  reduction  in 
free  carrier  concentration,  the  mobility  of  the  epitaxial  layers  and  the  strain  in  the  epitaxial 
layers  also  decreases. 

Doping  with  C  by  ion  implantation  into  GaAs  is  also  problematic.  Above  a  bulk 
concentration  of  approximately  5x10^^  cm'^,  the  concentration  of  free  holes  in  the  valence 
band  is  less  than  10%  of  the  concentration  of  C  atoms  implanted  into  the  substrate.  [5]  Co¬ 
implantation  of  Ga  increases  the  activation  significantly  but  hole  concentrations  greater  than 
5x10^^  cm'3  cannot  be  attained  with  implantation. [6] 

Various  explanations  for  the  inactive  C  in  GaAs  have  been  presented.  They  include 
self-compensation,  interstitial  C,  precipitation,  and  compensation  by  point  defects.  No 
experimental  evidence  directly  supporting  any  of  these  mechanisms  has  been  published.  The 
discussion  below  will  concentrate  on  two  specific  mechanisms  which  account  for  the  majority 
of  the  inactive  C  in  both  heavily  C  doped  epitaxial  layers  which  have  been  annealed  and  in 
implanted  layers.  These  two  mechanisms  are  precipitation  of  C  and  compensation  of  C 
acceptors  by  native  defects.  Other  mechanisms  which  have  been  suggested  include 
donors,  lone  C  interstitials,  C  complexes,  and  misfit  dislocations.  No  conclusive  experimental 
evidence  exists  to  support  any  of  these  mechanisms.  Although,  they  may  occur  in  either 
epitaxial  layers  or  implanted  layers,  the  data  presented  here  suggests  that  they  do  not  play  a 
major  role  in  reducing  the  electrical  activity  of  C. 
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Table  1 .  Doping  parameters  and  presence  of  Raman  peaks  for  samples  from  this  study. 


Doping 

Technique 

Doping 

Parameters 

Anneal 

Conditions 

Raman  Peaks 

None 

None 

NO 

None 

950  °C,  10  s 

NO 

Implant 

C:  IxIqI^  cm‘2>  80  keV 

None 

NO 

Implant 

C:  lxl0l5cm-2,  80keV 

950  °C,  10  s 

YES 

Implant 

Zn:2xl0l5cm'2,  180  keV 

950  °C,  10  s 

NO 

MOMBE 

C:6x1020  cm-3 

None 

NO 

MOMBE 

C:  6x1020  cm-3 

850  °C,  3  hrs 

YES 

2.  Carbon  precipitation 

GaAs  substrates  were  solvent  cleaned,  etched,  and  implanted  with  singly  ionized  C 
ions  under  various  conditions  as  described  in  Table  1.  Following  implantation,  the  samples 
were  rapid  thermally  annealed  or  furnace  annealed  under  conditions  listed  in  Table  1 .  Carbon 
doped  GaAs  epitaxial  layers  were  grown  by  MOMBE  at  400°C  by  procedures  reported 
elsewhere. [7]  The  hole  concentration  as  measured  by  Hall  effect  is  approximately  6x10^® 
cm’^.  A  1  cm^  piece  was  furnace  annealed  at  850  °C  for  3  hours. 

In  Raman  spectroscopy  of  perfect  crystals,  the  only  phonons  which  are  observed  are 
zone  center  phonons  due  to  the  requirement  of  k  conservation.  When  disorder  is  introduced 
the  conservation  of  k  is  relaxed  and  other  phonons  with  a  large  density  of  states  are  seen. 
The  Raman  spectra  of  amorphous  carbon  (a-C)  films  consists  of  a  "G-band"  centered 
between  1540  cm'^  and  1590  cm'^,  and  a  "D-band"  centered  between  1340  cm'^  and  1390 
cm'k[8]  The  G-band  corresponds  to  the  zone  center  phonon  (allowed  phonon  of  graphite) 
which  shifts  slightly  with  the  introduction  of  disorder.  The  D-band  is  a  disorder  allowed 
phonon  which  corresponds  to  a  peak  in  the  phonon  density  of  states  of  sp^-bonded  C. 
Appearance  of  the  G-  and  D-  bands  in  a  Raman  spectrum  indicate  that  "bulk"  sp^-bonded  C 
is  present. 

Typical  Raman  spectra  for  various  C-implanted  GaAs  and  C-doped  GaAs  epitaxial 
layers  are  shown  Fig.  1.  The  broad  features  centered  near  1585  cm"^  and  1355  cm"^  are 
assigned  to  sp^-bonded  carbon.  All  of  the  samples  where  these  peaks  appeared  are  annealed. 
These  two  peaks  in  the  Raman  spectra  can  be  unambiguously  identified  as  arising  from  C 
precipitates  in  the  doped  layer.  [9]  Only  bulk-like  sp^  bonded  C  can  display  such  a  Raman 
spectrum. 

The  detection  limit  for  sp^  bonded  C  in  these  experiments  is  estimated  to  be  0.25 
monolayers  of  graphitic  C  which  corresponds  to  an  areal  C  density  of  2.5x10^'^  cm"^.  This 
detection  limit  was  determined  from  the  Raman  spectrum  of  single  crystal  graphite. 

Raman  spectroscopy  is  a  surface  sensitive  technique  with  probe  depth  in  GaAs  of  55 
nm.  C  contamination  of  the  surface  is  the  principal  difficulty  in  analyzing  the  Raman  spectra 
in  these  experiments.  To  study  the  effect  of  C  contamination  on  the  interpretation  of  the 
Raman  results,  several  additional  samples  were  characterized  as  described  in  Table  1.  A 
piece  of  the  GaAs  substrate  was  processed  and  rapid  thermally  annealed  in  the  same  manner 
as  the  C  implanted  samples.  A  second  piece  of  the  same  substrate  was  implanted  with  Zn  and 
annealed  using  the  same  annealing  schedule.  Neither  of  these  samples  exhibited  any  Raman 
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Fig.  1.  Raman  spectra  of  carbon  precipitates  in  GaAs  for  the  following  samples:  a)  C  implanted  and 
annealed,  b)MOMBE-grown  and  annealed,  c)implanted  and  not  annealed,  and  d)  annealed  substrate. 

peaks  in  the  region  from  1300  to  1600  cm'l.  Also,  a  sample  which  had  been  implanted  with 
C  but  not  annealed  did  not  exhibit  any  peaks  in  this  region.  However,  all  the  samples  which 
had  been  doped  with  carbon  and  annealed  exhibited  two  Raman  peaks  centered  near  1585 
cm"l  and  1360  cm‘l. 

As  mentioned  above,  the  most  difficult  part  of  this  experiment  is  eliminating  C 
contamination  during  the  annealing.  To  completely  eliminate  the  possibility  that  the  Raman 
signal  was  caused  by  C  contamination,  GaAs  samples  were  implanted  with  l^C  using  the 
same  implant  conditions  described  above.  The  Raman  spectra  for  samples  implanted  with 
l^C  and  l^C  are  shown  in  Fig.  2.  In  the  samples  implanted  with  l^C  the  two  peaks  are 
shifted  to  lower  frequency  by  4%  (.^12/13)  as  expected.  Therefore,  the  Raman  peaks  can 
only  be  a  result  of  the  C  clustering  of  implanted  C  and  not  from  environmental  contamination. 

The  size  of  the  C  precipitates  can  be  estimated  from  the  Raman  spectra  by 
comparison  to  amorphous  C  films  which  have  been  studied  extensively.  [8]  The  intensity  ratio 
of  the  D-  and  G-  bands,  the  I^j/Ig  ratio  is  a  function  of  sp^  domain  size  in  disordered  graphite. 
An  inverse  relationship  has  been  found  between  domain  size,  L^,  and  I,j/Ig  ratio  in 
microcrystalline  graphite  by  Tuinstra  and  Koenig:  [10] 

L3(nm)  =  4.4(VIg)-l. 

(The  Raman  spectrum  of  single  crystal  graphite  is  a  single  "G-band"  peak  at  1580  cm'l,  i.e., 
Ijj/Ig  =  0).  The  spectra  observed  in  this  study  are  nearly  identical  to  those  observed  by 
DilIon[l  1]  from  ion-beam  films  annealed  at  900  °C.  The  I^j/Ig  ratios  in  the  C  doped  samples 
(computed  using  the  peak  heights)  are  in  the  range  of  0.8  to  1.0.  Using  the  Tuinstra  and 
Koenig  relationship,  the  C  precipitates  have  an  average  sp^  domain  size  of  5  nm. 
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Fig.  2.  Raman  spectra  of  C  precipitates  in  GaAs  samples  implanted  with  or  and  annealed. 


A  simple,  rough  estimate  of  the  minimum  diffusion  coefficient  required  for  a  C 
precipitate  to  form  can  be  calculated.  Given  the  annealing  conditions  of  950°C  for  10  s  the 
diffusion  coefficient  required  for  precipitate  formation  can  be  estimated  by: 

X  =  (Dt)^^2. 

D  is  then  approximately  2x10'^^  cm^/s.  You  et.  al.[12]  reported  a  diffusion  coefficient  of 
7.8xl0‘l^  cm^/s  for  C  diffusion  at  960  °C.  The  diffusion  coefficient  calculated  here  is  more 
than  10  times  higher  than  that  of  You.  Two  possible  explanations  exist  for  this  effect. 

First,  diffusion  is  enhanced  either  by  loss  of  group  V  elements  at  the  surface  or  by 
radiation  damage  in  the  crystal  due  to  the  implantation  process.  To  examine  the  role  of  the 
surface  in  the  precipitation  of  C,  two  GaAs  samples  with  the  same  concentration  of  implanted 
C  were  rapid  thermally  annealed.  One  sample  was  capped  using  the  proximity  method.  The 
second  was  not  capped.  The  surface  of  the  second  sample  was  noticeably  degraded  due  to 
the  loss  of  As.  In  this  sample  the  C-C  peaks  were  more  intense.  This  result  suggests  that  the 
loss  of  the  group  V  element  near  the  surface  enhances  precipitation. 

Another  possibility  for  the  larger  diffusion  coefficient  compared  to  those  reported  in 
the  literature  relates  to  the  method  of  determining  this  quantity.  In  general,  diffusion 
coefficients  are  determined  with  the  use  of  SIMS.  SIMS  experiments  do  not  give  any 
information  on  the  bonding  configuration  of  the  C.  Therefore,  these  experiments  do  not  take 
into  account  C  diffusion  to  a  precipitate  within  the  C  doped  layer.  C  in  a  precipitate  has  not 
diffused  beyond  the  original  doped  layer  so  this  movement  is  not  detected  by  SIMS. 
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Fig.  3.  Photoluminescence  spectra  for  C+Al  and  C+Kr  samples. 


3,  Compensation  by  native  defects 

Precipitation  clearly  accounts  for  at  least  a  portion  of  the  inactive  C  in  implanted  and 
epitaxial  GaAs:C.  The  existence  of  precipitates  can  account  for  the  reduction  in  free  hole 
concentration  and  the  decrease  in  strain  in  annealed  epitaxial  layers.  However,  the  decrease 
in  mobility  cannot  be  explained  by  precipitation.  In  degenerately  doped  semiconductors, 
mobility  is  inversely  proportional  to  the  number  of  ionized  impurities.  Precipitation  reduces 
the  number  of  ionized  impurities  hence  the  mobility  should  increase.  Evidently,  precipitation 
is  not  the  sole  contributor  to  the  decrease  in  free  hole  concentration. 

In  this  section  the  role  of  native  defects  in  reducing  the  free  hole  concentration  and 
mobility  in  GaAs;C  will  be  examined.  In  implanted  layers,  radiation  damage  provides  an 
abundant  source  of  defects.  In  annealed  epitaxial  layers,  the  precipitation  of  C  can  also  create 
defects.  C  which  moves  from  an  As  site  to  a  precipitate  will  create  an  As  vacancy.  The 
accommodation  of  the  precipitate  in  the  lattice  can  also  create  defects.  A  model  developed 
by  Walukiewicz[13]  indicates  that  native  defects  will  form  complexes  and  change  their 
electrical  character  to  compensate  intentional  dopants.  In  this  case,  native  point  defects  will 
have  donor  character  to  compensate  the  acceptors. 

Experimental  evidence  for  the  existence  of  native  defects  can  be  found  in  the 
measurement  of  the  mobility  and  in  PL  experiments.  GaAs  epitaxial  layers  heavily  doped 
with  C  and  annealed  exhibit  a  reduction  in  hole  mobility  as  well  as  a  reduction  in  free  hole 
concentration.  In  C  co-implantation  experiments  described  previously[5]  the  hole  mobility 
was  reduced  in  samples  where  the  stoichiometry  of  the  implanted  layer  was  not  maintained 
during  implantation.  Samples  were  co-implanted  with  Kr  or  AJ  and  similar  hole 
concentrations  were  attained  in  both.  However  using  local  vibrational  mode  spectroscopy 
the  C+Kr  sample  was  found  to  have  nearly  twice  the  concentration  of  as  the  C+Al 
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sample.  The  C+Kr  sample  also  had  a  lower  mobility  at  77K  then  the  C+Al  sample  (60  and 
106  cm^/Vs  respectively)  indicating  the  presence  of  compensating  defects. 

These  defects  may  also  be  responsible  for  the  increased  PL  intensity  reported  for 
annealed  epitaxial  layers  and  also  seen  in  our  implantation  studies.  The  PL  spectra  for  C+Kr 
and  C+Al  samples  are  shown  in  Fig.  3.  The  C+Kr  spectrum  is  remarkably  similar  to  those 
shown  by  Watanabe.[3]  Watanabe's  PL  spectra  were  recorded  with  from  heavily  C-doped 
MOCVD  layers  (p-L3xl020  cm'^)  annealed  at  850°C  Both  the  MOCVD  epitaxial  layer  and 
the  C+Kr  implanted  layer  exhibit  a  large  broad  peak  centered  around  1100  nm  in  their  PL 
spectra. 


4.  Conclusions 

In  conclusion,  direct  evidence  of  C  precipitates  in  GaAs  has  been  shown  The  Raman 
peaks  are  clearly  not  due  to  C  contamination  but  come  from  the  intentionally  doped  C  as 
shown  by  isotope  substitution.  The  precipitates  are  present  in  both  implanted  layers  and 
epitaxially  grown  layers. 

The  striking  similarity  between  the  results  of  precipitation  experiments  and  PL 
experiments  on  both  implanted  and  epitaxial  GaAs;C  layers  suggest  that  the  limitations  in  C 
doping  of  GaAs  are  inherent  to  this  system  and  not  particular  to  the  doping  technique.  At 
doping  levels  above  5x10^^  cm"^,  doping  of  GaAs  with  C  is  not  thermally  stable.  The  solid 
solubility  of  C  is  exceeded,  and  the  C  will  precipitate  during  annealing.  The  precipitation 
process  decreases  the  [C^sl  and  reduces  the  strain  in  the  epitaxial  layers.  Precipitation  also 
occurs  in  implanted  layers.  As  well  as  precipitation,  the  free  hole  concentration  is  further 
reduced  in  both  implanted  and  epitaxial  layers  through  compensation  by  native  defects. 
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Annealing  of  nitrogen-doped  ZnSe  at  high  pressures: 
Toward  suppression  of  native  defect  formation 


A,  L.  Chenl,  W.  Walukiewiczl,  E.  Haller^j^,  H.  Luo^,  G. 
Karczewski^,  and  J.  Furdyna^ 

^Center  for  Advanced  Materials,  Material  Sciences  Division,  Lawrence  Berkeley 
Laboratory,  Berkeley,  CA  94720;  ^Department  of  Material  Sciences  and  Mineral 
Engineering,  University  of  California,  Berkeley,  CA  94720;  ^Department  of  Physics, 
University  of  Notre  Dame,  Notre  Dame,  IN  46556. 

Abstract.  Pressure  is  shown  to  have  a  drastic  effect  on  the  annealing  characteristics  of  p- 
type,  nitrogen-doped  ZnSe.  Samples  annealed  in  vacuum  show  decreased  carrier 
concentrations  and  simultaneous  formation  of  deep-donor-related  luminescence,  wliile 
samples  annealed  under  pressure  show  suppression  of  this  compensating  donor.  The  results 
are  interpreted  as  an  increase  in  the  formation  energy  of  the  compensating  deep  donor 
under  pressure.  In  addition  the  samples  annealed  under  pressure  show  emergence  of  a  new, 
intense,  green  luminescence  band  centered  at  2.44  eV.  The  magnitude  of  the  shift  of  this 
peak  under  applied  stress  suggests  that  it  results  from  a  recombination  involving  a  deep 
acceptor. 


1.  Introduction 

Processing  of  semiconductors  for  device  applications  often  involves  annealing  at  elevated 
temperatures.  Annealing  has  the  effect  of  removing  damage  produced  by  implantation  and 
activating  and  diffusing  dopants.  However,  in  some  instances  it  also  has  detrimental 
effects.  Undesired  impurities  such  as  transition  metals  often  are  unintentionally 
incorporated.  Native  crystal  defects  may  also  be  generated.  These  two  types  of  defects 
produce  deep  levels  that  trap  the  free  carriers. 

For  the  II- VI  semiconductors,  annealing  often  decomposes  the  crystals  at 
temperatures  far  below  those  necessary  for  regrowth  of  damaged  layers.  In  nitrogen- 
doped,  p-type  ZnSe  decomposition  initially  takes  the  form  of  native  defects  that 
compensate  the  shallow,  acceptor  level  [1,2].  Thus  in  order  to  implant  and  activate 
dopants,  novel  approaches  to  annealing  that  suppress  the  formation  of  native  defects  must 
be  investigated. 

In  this  paper  we  report  the  first  study  of  using  high  pressure  to  suppress  the 
formation  of  native  defects.  Compression  of  the  sample  is  expected  to  decrease  the 
concentration  of  defects  that  have  positive  activation  volumes.  In  addition  pressure  shifts 
the  band  extrema  and  the  Fermi  level  so  that  the  electronic  component  of  the  formation 
energy  is  changed.  We  investigate  by  photoluminescence  (PL)  and  by  capacitance-voltage 
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(CV)  measurements  the  difiference  in  samples  annealed  under  high  pressure  and  those 
annealed  in  vacuum.  Our  preliminary  findings  show  that  samples  annealed  in  vacuum  are 
compensated  by  a  deep  donor  that  has  a  characteristic  PL  peak  while  samples  annealed 
under  high  pressure  do  not  show  evidence  of  this  peak.  The  results  are  discussed  along 
estimates  of  the  pressure  dependence  of  the  formation  energy  of  this  defect.  We  also  find 
the  appearance  of  a  new,  intense,  green  band  in  the  luminescence  spectrum  of  samples 
annealed  under  pressure. 


2.  Samples  and  Experimental  Procedure 

We  studied  two  nitrogen-doped  ZnSe  samples  grown  by  molecular-beam  epitaxy  on  semi- 
insulating  GaAs  substrates.  One  (sample  A)  had  an  active  nitrogen  concentration  (A^'^d) 
of  1 .2x1  cm"^;  the  other  (sample  B)  had  =  5x10^^  cm"^.  These  concentrations 

were  determined  by  CV  measurements.  The  epitaxial  layers  were  about  2  microns  thick. 

Photoluminescence  spectra  were  taken  at  6  K.  The  emission  was  spectrally 
analyzed  by  a  SPEX  1404  double  monochromator  operated  with  a  spectra  resolution  of 
0.5  meV  and  detected  by  a  photomultiplier  tube.  CV  measurements  were  performed  on 
back-to-back  Au  Schottky  barriers  evaporated  onto  freshly  etched  surfaces.  The 
measurements  were  done  on  a  Hewlett  Packard  4277 A  LCZ  meter. 

Samples  annealed  in  vacuum  were  sealed  in  clean  quartz  ampoules  and  heated  in  a 
furnace.  Samples  annealed  under  high  pressure  were  cleaved  and  lapped  into  small 
200x200x80  micron  squares.  They  were  then  pressurized  in  an  Inconel  diamond-anvil  cell 
with  liquid  nitrogen  as  the  high  pressure  medium  and  heated  in  a  standard  electrical 
furnace.  The  pressure  changed  irreversibly  during  the  annealing  cycle  because  of  thermal 
expansion  of  the  cell  that  deformed  the  gasket.  The  pressure  after  the  anneal  was  often 
less  than  50%  of  its  original  value.  For  each  anneal  performed  at  high  pressure,  the  initial 
pressure  of  the  sample  is  given. 


3.  Annealing  Results:  Donor-Acceptor  Pair  Luminescence  and  Compensation 

Fig.  1  shows  representative  PL  spectra  of  sample  A  (a)  as-grown,  (b)  after  annealing  in 
vacuum  at  400°  C,  (c)  and  after  annealing  at  high  pressures  (38  kbar)  at  400°  C.  The 
spectrum  of  the  as-grown  sample  shows  the  usual  acceptor-bound  exciton  at  2.787  eV  and 
donor-acceptor-pair  (DAP)  recombination  at  2.698  eV.  The  latter  (hereafter  referred  to  as 
D^AP)  has  been  attributed  to  the  recombination  between  a  residual  shallow  donor  and  the 
nitrogen  acceptor  and  is  followed  by  a  series  of  LO  phonon  replicas.  When  the  sample  is 
annealed  another  DAP  series  emerges  with  a  zero-phonon-line  at  2.683  eV.  Pressure  [3] 
and  ODMR  [1]  studies  of  this  peak  have  shown  it  to  be  caused  by  a  deep  donor-to-N 
acceptor  recombination  (hereafter  referred  to  as  D^AP).  This  peak  also  appears  in 
samples  heavily  doped  with  nitrogen.  Its  occurrence  has  been  correlated  with 
compensation  of  the  nitrogen  acceptor  [2].  The  prevailing  ODMR  evidence  suggests  that 
a  Vgg-related  complex  is  the  deep  donor  [1].  In  the  sample  annealed  under  pressure,  the 
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Fig.  1  PL  spectra  of  ZnSe:N  (sample  A) 
under  different  annealing  conditions:  (a) 
as-grown,  (b)  annealed  in  evacuated 
ampoule  at  400°C  for  20  min,  (c)  annealed 
at  38  kbar  of  pressure  at  400°C  for  20  min. 


D^AP  peaks  are  absent  and  the  D^AP  peaks  shift  slightly  toward  higher  energy. 

To  correlate  the  occurrence  of  the  D^AP  peak  with  compensation  we  annealed 
sample  B  at  various  temperatures  and  analyzed  them  with  both  PL  and  CV  measurements 
(Fig.  2).  Although  this  sample  already  had  evidence  of  the  D^AP  peak  before  heat 
treatment,  one  can  clearly  see  an  increase  in  the  D^AP  intensity  relative  to  the  D^AP  peak 
intensity.  The  measured  concentrations  of  net  acceptors  are  given  in  the  figure.  We  find  a 
rapid  decrease  in  A^a'^d  when  this  sample  is  annealed  above  325°  C  and  an  increase  in 
D^AP  intensity  at  these  temperatures.  Thus  the  appearance  of  the  D^AP  peak  signifies 
the  onset  of  compensation  in  annealed  samples. 

The  effect  of  pressure  on  annealing  can  be  qualitatively  understood  by  estimating 
the  formation  energy  of  the  compensating  defect.  The  concentration  of  a  native  defect  in 
a  solid  is  given  by  the  Arrhenius  type  expression, 

Cccexp[^]  (I) 


where 


G  =  E  +  PV*-TS  (2) 

is  the  change  in  the  Gibbs  free  energy  that  is  required  to  form  the  defect.  Here  P  is  the 
pressure,  F  *  is  the  activation  volume,  T  is  the  temperature,  and  S  is  the  change  in  the 
entropy.  Internal  energy,  E,  has  two  components 

E  =  E,-{E,-E,)  (3) 

where  Eq  is  the  formation  energy  of  the  neutral  defect  and  -{E^  -  E^)  is  the  electronic 
part  [4]  of  the  formation  energy  that  the  native  donor  gains  when  it  gives  an  electron  from 
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Fig.  2  PL  spectra  of  ZnSe;N  (sample  B) 
after  various  anneals  in  vacuum:  (a)  as 
grown,  5x10^^  cm"^;  (b)  annealed 

at  300°C  for  20  min,  (c) 

annealed  at  325°C  for  20  min, 

2x10^^;  (d)  annealed  at  335°C  for  20  min, 
jVg-jVd  5x10^^.  Net  acceptor 

concentrations  were  measured  by  CV 
technique.  Vertical  lines  indicate  positions 
of  deep  DAP  and  shallow  DAP  peaks. 
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its  donor  level  (Ej)  to  the  Fermi  level  (Ey).  The  activation  volume,  F*,  for  creation  of  a 
Se  vacancy-interstitial  pair  is  not  known.  We  make  a  rough  estimate  of  F  *  by  using  the 
activation  volume  of  V^a  in  GaAs,  which  is  reported  to  be  about  20  [5].  The  PV* 

term  would  then  increase  the  formation  energy  by  about  12  meV/kbar.  This  increase  is 
partly  counteracted  by  the  electronic  contribution,  which  decreases  the  formation  energy. 
Since  Ep  can  be  assumed  to  remain  pinned  by  the  nitrogen  acceptors,  the  pressure 
dependence  of  the  electronic  contribution  is  then  the  separation  between  the  deep  donor 
state  and  the  nitrogen  acceptor,  i.e.  the  pressure  dependence  of  the  D<^AP  peak.  We 
previously  measured  this  value  to  be  4.5  meV/kbar  [3],  Thus,  overall  pressure  increases 
the  formation  energy  of  this  defect  by  about  7.5  meV/kbar.  At  the  annealing  pressures  of 
about  40  kbar,  the  increase  is  300  meV.  At  400°C  the  concentration  of  this  native  defect 
would  be  decreased  by  a  factor  of  about  100. 

Our  estimate  indicates  that  pressure  creates  a  large  increase  in  the  pressure-volume 
term  in  the  Gibbs  free  energy  and  thus  suppresses  the  formation  of  this  compensating 
native  defect.  This  result  is  reflected  qualitatively  in  the  PL  spectra  where  we  witness 
suppression  of  the  characteristic  D^AP  peak  when  the  samples  are  annealed  under 
pressure. 


4.  Annealing  Results:  Broad  Green  Luminescence 

We  also  find  that  annealing  at  high  pressures  produces  an  intense  broad  green 
luminescence.  A  representative  spectrum  is  shown  in  Fig.  3.  It  is  composed  of  three 
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Fig.  3  PL  spectra  of  ZnSe:N  after 
annealing  at  20  kbar  at  390°  C  for  40  min. 
Upper  (lower)  spectrum  was  taken  at  13 
kbar  (atm.  pressure). 


broad  peaks  at  energies  of  about  2.33,  2.44  and  2.51  eV.  We  annealed  many  samples  at 
temperatures  between  300  and  400°  C  and  pressures  between  10  and  40  kbar  and  find  the 
following  trends  in  the  intensity  of  this  luminescence;  (i)  the  three  peaks  occur  in  samples 
annealed  above  300°C,  (ii)  higher  temperatures,  higher  pressures,  and  longer  anneal  times 
all  enhance  the  peak  intensity,  and  (iii)  the  peaks  are  not  obseryed  when  n-type  samples 
are  annealed.  It  seems  that  pressure  enhances  the  incorporation  of  the  defect  or  impurity 
that  is  responsible  for  this  luminescence. 

To  further  characterize  the  peaks  we  measured  their  shifts  under  applied 
hydrostatic  pressure..  A  spectrum  taken  at  13  kbar  is  also  shown  in  Fig.  3.  All  three 
peaks  increase  at  rates  that  are  larger  than  that  of  the  direct  energy  gap.  The  central  green 
peak  shifts  at  10.2  meV/kbar.  Without  deconvoluting  the  peaks,  the  pressure  coefficients 
of  the  weaker  two  peaks  cannot  be  determined  accurately.  The  direct  energy  gap  of  ZnSe 
shifts  at  6.6  meV/kbar  [3].  It  is  known  that  transitions  between  the  conduction  band  and 
deep  acceptor  states  in  ZnSe  have  pressure  coefficients  between  10  and  13  meV/kbar  [6]. 
From  this  argument  we  tentatively  assign  each  peak  in  the  series  to  a  deep  acceptor 
incorporated  into  the  crystal.  The  weaker  peak  at  2.33  eV  may  correspond  to  the  well 
studied  "Cu-green"  peak  which  involves  a  shallow  donor  and  a  Cu-related  acceptor.  We 
have  not  been  able  to  find  spectra  in  the  literature  that  even  remotely  resemble  the  other 
two  broad  features. 


5.  Conclusions 

We  have  shown  that  pressure  strongly  effects  the  annealing  characteristics  of  p-type, 
nitrogen-doped  ZnSe.  It  suppresses  the  formation  of  one  compensating,  native  defect 
mainly  by  increasing  the  pressure-volume  term  of  the  formation  energy.  However  it  also 
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introduces  additional  defects  into  the  crystal  that  give  rise  to  a  characteristic  green 
luminescence  band  that  we  tentatively  identify  as  arising  from  deep  acceptor  states.  It  is 
striking  that  annealing  in  vacuum  produces  deep  donors  while  annealing  under  pressure 
creates  deep  acceptors.  Although  further  measurements  of  the  pressure  annealed  samples 
are  required  in  order  to  determine  whether  pressure  annealing  increases  the  p-type  activity, 
our  current  results  are  promising  and  show  that  pressure  can  be  used  to  affect  the 
concentrations  of  compensating  defects. 

6.  Acknowledgments 

This  work  was  supported  by  the  Director,  Office  of  Energy  Research,  Office  of 
Basic  Energy  Sciences,  Materials  Science  Division  of  the  U  S.  Department  of  Energy 
under  Contract  No.  DE-AC03-76SF00098. 


References 

[1]  B.N.  Murdin,  B.C.Cavenett,  C.R.  Pidgeon,  J.  Simpson,  I.  Hauksson,  and  K.A.  Prior,  Appl.  Phys.  Lett. 

63,  2411  (1993). 

[2]  K.A.  Prior,  B.  Murdin,  C.R.  Pidgion,  S.Y.  Wang,  I.  Hauksson,  J.T.  Mullins,  G.  Horsburgh,  B.C. 

Cavenett,  J.  of  Crystal  Growth  128,  94  (1994). 

[3  j  A.L.  Chen,  W.  Walukiewicz,  E.E.  Haller,  to  be  published  in  Appl.  Phys.  Lett. 

[4]  W.  Walukiewicz,  Appl.  Phys.  Lett.  54,  2094  (1989). 

[5]  F.H.  Baumann,  J-H.  Huang,  J.A.  Rentschler,  T.Y.  Chang,  and  A.  Ourmazd,  Phys.  Rev.  Lett.  73  448 

(1994). 

[6]  D.J.  Strachan,  M.  Ming  Li,  M.  Tamargo,  and  B.A.  Weinstein,  J.  of  Crystal  Growth  128,  (1994). 


Inst.  Phys.  Conf.  Ser.  No  141:  Chapter  3 

Paper  presented  at  Int.  Symp.  Compound  Semicond.,  San  Diego,  18-22  September  1994 
©  1995  lOP  Publishing  Ltd 


281 


Electron  emission  at  Si3N4  -  GaAs  interfaces  prepared 
with  H2,  Ar  and  H2  +Ar  plasma  pretreatments 
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Abstract.  A  comparison  has  been  made  of  the  effects  of  predeposition  plasma  treatments  using 
hydrogen,  argon  and  a  mixture  of  the  two  using  channel  current  transient  spectroscopy.  All  of  the 
samples  exhibited  electron  emission  from  an  interface  state  continuum  with  energies  consistent 
with  the  interface  state  band  model.  When  argon  and  hydrogen  were  used  together  two  extra 
processes  were  observed.  One  of  these  was  due  to  an  electron  trap  with  an  activation  energy  of 
0.05eV,  involving  states  at  the  remote  edge  of  the  depletion  region.  The  second  process  which 
had  an  activation  energy  of  O.OSeV  resembled  hole  emission,  but  has  been  attributed  to  an 
interfacial  polarisation  process  exhibiting  thermally  activated  relaxation.  The  necessity  for  argon 
and  hydrogen  suggests  that  argon  had  created  structural  damage  permitting  the  entry  of  hydrogen 
atoms  to  form  electrically  active  complexes  in  the  damaged  region. 


1.  Introduction 

GaAs  -  insulator  interfaces  have  high  densities  of  trap  states  which  cause  Fermi  level  pinning 
and  other  anomalous  behaviour.  These  states  arise  from  the  termination  and  reconstruction 
of  the  GaAs  lattice  at  the  surface  and  from  the  electronic  bonds  which  are  made  with  the 
insulating  material. 2.7  Plasma  pretreatments  of  this  interface  might  offer  a  way  of  improving 
the  interface  quality  and  reduce  the  trap  density  thereby  unpinning  the  Fermi  level.  It  has  been 
reported  that  H2  treatment  might  passivate  trap  states  and  cause  a  reduction  of  the  interface 
state  concentration. Bowser  et  ah, 3  had  studied  GaAs-Si3N4  interface  which  had  been 
subjected  to  different  plasma  treatments  before  the  deposition  of  the  insulator.  It  was  found 
that  there  was  no  great  reduction  in  the  density  of  the  interface  trap  states  for  any  of  the 
pretreatments;  however,  unusual  effects  were  observed  for  samples  with  a  H2+Ar 
pretreatment.  A  very  small  depletion  capacitance  was  observed  compared  with  other  samples, 
and  the  surface  potentials  calculated  using  this  capacitance  and  the  original  doping 
concentration  were  unrealistically  large,  suggesting  that  the  active  doping  concentration  had 
been  reduced  near  to  the  surface.  In  this  study,  the  thermal  properties  of  the  trapped  charges 
are  investigated  using  deep  level  transient  spectroscopy  (DLTS).  The  combined  effects  of  H2 
and  Ar  on  the  GaAs-Si3N4  interface  are  to  be  compared  with  samples  that  were  treated  with 
H2  and  Ar  alone. 


2.  Sample  preparation 

The  MISFET  test  structures  were  made  from  a  single  <100>  sulphur  doped  n-type  VPE 
epitaxial  layer,  formed  on  a  semi-insulating  substrate  with  an  undoped  l-2pm  buffer  layer. 
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The  doping  concentrations  were  typically  hxlO^^cm-^.  Ohmic  contacts  were  formed  using 
AuGeNi  annealed  at  440°C  for  2  minutes  in  a  5%  H2 . 95%  N2  ambient.  Prior  to  insulator 
deposition,  the  samples  were  RF  plasma  pretreated  at  300°C  for  3  minutes  in  an  Electrotech 
PF310  parallel  plate  PECVD  system,  pressure  450mtorr,  power  40W  for  Ar  and  Ar+H2 
treatments  and  15W  for  H2  treatment.  After  pretreatment,  the  deposition  reactants  were 
admitted  and  the  plasma  re-applied  to  start  deposition  of  Si3N4.  The  deposition  conditions 
were:  SiH4  2%  /  N2  98%  (HOOsccm)  -  NH3  (7sccm),  300°C,  350mtorr,  plasma:  190KHz, 
40W.  The  insulator  layer  thickness  was  750A.  Contact  windows  were  formed  using  CF4 
plasma  etching,  and  gate  electrodes  by  depositing  a  500nm  A1  layer  patterned  by  lift-off. 


3.  Emission  transient  observations 


The  transient  observations  were  made  by  biasing  the  A1  counter  electrode  to  establish  a 
quiescent  surface  potential  and  then  applying  a  positive  pulse  to  fill  states  within  a  50meV 
range  above  the  quiescent  position  of  the  surface  Fermi  level.  Upon  the  removal  of  the  pulse, 
excess  electrons  trapped  at  the  interface  or  in  the  bulk  caused  an  expansion  of  the  depletion 
region  proportional  to  the  number  of  trapped  charges.  The  instantaneous  change  in  width  of 
the  depletion  region  was  assessed  by  measuring  the  current  flowing  in  the  undepleted  parallel 
channel  of  the  FET  structure.  The  current  transient  was  related  to  the  instantaneous  excess 
charge  in  the  interface  and  analysed  using  the  DLTS  method^®. 

Ar  and  H2  treated  samples  gave  spectra  with  a  single  well  defined  peak.  Figl.  The 
activation  energy  of  the  unique  mechanism  was  obtained  from  an  Arrhenius  plot.  It  was 
measured  at  different  gate  biases  which  positioned  the  quiescent  surface  Fermi  level  within 
the  interface  state  continuum.  Typical  activation  energy  versus  bias  variations  for  the  Ar  and 
H2  pretreated  samples  are  shown  in  Fig.2.  The  thermal  activation  energy  changed  typically 
from  0.3eV  to  0.5eV.  This  indicates  that  the  range  of  the  interface  state  continuum  which 
could  be  probed  by  the  Fermi  level  was  typically  0.20eV.  The  trend  with  changing  bias  was 
consistent  with  emission  to  the  conduction  band. 

Fig.3  shows  the  DLTS  spectrum  of  a  sample  subjected  to  the  H2+Ar  treatment.  It  can 
be  seen  that  there  are  two  superimposed  positive  peaks  El  and  E2,  as  well  as  a  negative  peak 
H.  The  peaks  span  a  temperature  range  from  lOOK  to  300K.  This  indicates  that  there  are  two 
majority  (electron)  trap  states  and  a  response  which  could  be  assigned  to  a  minority  carrier 
trap.  The  measured  activation  energies  versus  bias  for  the  two  majority  trap  levels  are  shown 
in  Fig.4,  whilst  that  for  the  negative  peak  is  shown  in  the  same  figure  but  related  to  the  right 
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Fig  1.  DLTS  spectrum  showing  a  single 
peak  for  Ar  pretreated  samples 


Fig  2.  Typical  activation  energy  variation  with 
bias  for  Ar  and  H2  pretreated  samples 
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Fig  3.  DLTS  spectra  for  H  2  +  Ar  pre treated  sample 


measured  from  sample  with  Ar+H2  pretreatment 


hand  axis.  The  trap  level  El  in  Fig.3  had  a  zero  bias  thermal  activation  energy  of  0.42eV 
which  changed  with  bias  indicating  that  it  too  was  an  interface  trap  state,  it  had  a  capture 
cross-section  of  the  order  of  lO'^^cm-^  and  corresponded  with  the  single  response  from  the  H2 
and  Ar  treated  samples.  The  other  trap  levels  E2  and  H  demonstrated  small  bias  independent 
activation  energies,  indicating  that  they  are  related  to  bulk  trap  states  or  other  mechanisms 
which  are  independent  of  bias.  Even  at  lOOK  they  still  had  an  effect  on  the  current  transients. 
The  capture  cross-sections  of  these  two  shallow  traps  were  several  orders  smaller  than  for  El, 
typically  10'2icm'2. 


4.  Discussions 

It  has  been  reported  that  GaAs-insulator  interfaces  have  a  "U"-shaped  state  continuum  with  a 
quiescent  surface  Fermi  level  position  near  to  its  minimum.^’^  It  is  possible  to  vary  the 
position  of  the  Fermi  level  over  a  limited  range  around  the  minimum  with  practical  electric 
fields.  The  high  interface  state  density  limits  the  Fermi  level  modulation  range  to  about 
0.15eV;3  this  is  consistent  with  the  change  of  activation  energy  of  the  interface  related 
response.  The  quiescent  Fermi  level  position  was  usually  about  0.9eV  below  the  conduction 
band  minimum  for  H2  and  Ar  pretreated  samples.^ 

When  the  surface  potential  is  moved  positively  states  above  the  quiescent  Fermi  level 
tend  to  fill  and  then  empty  when  the  field  is  removed  or  decreased.  If  the  thermal  emission 
were  to  the  conduction  band,  an  activation  energy  =  E^  -  Efq  -  qAtp^^  would  be  required  for 
thermal  emission,  where  is  the  quiescent  surface  potential  change  by  bias;  Ej,j.j  would  be 
not  be  expected  to  be  less  than  0.9eV  for  the  test  samples.  In  this  study  the  emission  energy  at 
a  particular  bias  was  always  much  less  than  the  anticipated  energy  whatever  the 
pretreatment.  These  differences  between  the  anticipated  and  actual  thermal  emission  energies 
at  zero  gate  bias  were  0.46eV  and  0.58eV  for  the  Ar  and  H2  treated  samples  respectively. 
Similar  results  have  been  explained  by  the  interface  state  band  (ISB)  model  which 
supposed  that  the  interface  state  density  was  so  large  towards  the  conduction  band  edge  that 
an  interface  state  band  was  formed.  A  trapped  charge  might  then  be  emitted  to  the  lower  edge 
of  the  band  and  then  reach  the  conduction  band  edge  by  a  series  of  small  energy  jumps.  The 
rate  limiting  step  is  then  the  largest  step  from  the  trap  level  to  the  interface  state  band  lower 
edge. 

The  bias  dependent  response  was  seen  too  at  about  the  same  energy  in  the  samples 
that  had  been  treated  with  Ar  and  H2  together.  It  seems  very  likely  that  its  origin  was  also 
from  electron  emission  from  states  in  an  interface  continuum.  The  two  bias  independent 
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responses  could  not  have  been  from  states  at  the  interface.  Their  fixed  activation  energies 
suggest  that  very  shallow  bulk  states  were  involved.  An  electron  trap  was  observed  0.05eV 
from  the  conduction  band.  The  ionisation  energy  of  the  sulphur  donor  in  GaAs  is  only 
0.006eV,ll  and  it  is  apparent  that  the  occupation  probability  of  this  trap  state  would  have 
been  significantly  greater  than  states  at  the  donor  level  or  in  the  conduction  band.  This 
suggests  that  mobile  electrons  from  the  donor  would  have  been  lost  into  these  traps. 

Although  this  might  provide  an  explanation  of  donor  passivation  in  the  bulk  of  a 
sample  it  does  not  provide  a  satisfactory  explanation  for  the  lower  donor  concentrations 
which  have  been  observed  using  depletion  capacitance  measurements. ^>^42  these 
measurements  charge  changes  at  the  edge  of  a  space-charge  region  are  detected  as  the  region 
expands  and  contracts.  Throughout  most  of  the  region  in  normal  samples  it  is  only  the  ionised 
donors  that  are  present.  In  samples  containing  the  0.05eV  traps  these  would  be  well  above  the 
Fermi  level  throughout  most  of  the  region  and  would  be  empty  and  uncharged.  The  charge 
concentration  in  the  region  would  be  therefore  unchanged  and  its  width  unaffected  by  the 
presence  of  the  trap.  Only  near  the  edge  of  the  region  would  the  traps  be  occupied.  As  the 
depletion  region  expands  incrementally  electrons  are  expelled  at  its  edge  from  the  conduction 
band  and  from  the  traps  too.  The  latter  suffer  large  changes  in  population  when  they  move 
upwards  away  from  the  Fermi  level  which  is  close  to  them  in  the  bulk.  The  overall  effect 
would  be  to  remove  the  same  number  of  electrons  for  a  given  change  of  surface  potential 
leaving  the  depletion  capacitance  unchanged.  This  suggests  that  the  shallow  trap  is  not 
responsible  for  the  lower  capacitances  from  which  donor  passivation  had  been  inferred. 

During  the  filling  pulse  only  shallow  states  near  to  the  depletion  region  edge  would 
suffer  a  significant  population  change.  This  shows  that  the  trap  levels  that  were  being  detected 
were  several  thousand  angstroms  from  the  surface.  Note  that  this  trap  was  not  detected  when 
the  same  material  was  treated  with  either  argon  or  hydrogen  alone.  The  individual  roles  of 
argon  and  hydrogen  atoms  need  to  be  considered.  Argon  atoms  are  40  times  more  massive 
than  hydrogen  atoms  and  are  capable  of  delivering  much  more  momentum  to  a  lattice  with 
which  it  collides.  Of  the  two  atomic  species  it  is  Ar  that  is  more  likely  to  displace  atoms  and 
cause  damage  to  the  crystal  surface.  Rare  gas  atoms  are  chemically  inert  and  unlikely  to  form 
electronic  bonds  with  other  atoms  and,  as  a  consequence,  are  unlikely  to  create  electronic 
defects,  except  in  as  much  as  the  lattice  is  deformed  or  damaged.  Consistent  with  this,  it  was 
not  possible  to  detect  DLTS  peaks  due  to  Ar  treatment  alone. 

Hydrogen  on  the  other  hand  is  unlikely  to  cause  displacement  damage  to  the  crystal 
but  is  known  to  be  electrically  active,  forming  electronic  bonds  readily.  Having  a  small 
atomic  diameter  allows  it  to  penetrate  interstitially  into  a  lattice.  This  would  be  facilitated  by 
Ar  bombardment  which  could  cause  damage  by  creating  permanent  atomic  displacements  or 
by  temporary  vibrational  displacements  which  would  ease  the  passage  of  the  small  hydrogen 
atoms.  That  treatment  with  hydrogen  alone  was  insufficient  to  produce  this  trap  level  is 
consistent  with  Ar  facilitating  its  entry  to  the  lattice  allowing  its  electrical  activity  to  be  seen 
relatively  deep  within  the  lattice. 

The  other  bulk  response  was  negative  and  had  an  activation  energy  of  0.05eV.  It 
would  normally  be  attributed  to  hole  emission  but  it  is  difficult  to  see  how  hole  injection 
could  have  occurred  in  the  MIS  samples.  It  was  only  seen  in  the  sample  that  had  been  treated 
with  argon  and  hydrogen  together.  The  presence  of  a  negative  spectral  peak  requires  that  the 
channel  current  variation  should  have  contained  an  exponentially  decreasing  component  with 
time  following  the  removal  of  the  positive  pulse.  The  depletion  region  would  have  had  to 
expand  with  time.  This  would  be  consistent  with  an  increasingly  negative  electric  field  at  or 
near  to  the  semiconductor  surface. 
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Disordered  dipole  An  explanation  Can  be 

containing  region  formulated  in  terms  of  an  interfacial 

polarisation  process  with  a  relaxation 
time  activated  by  temperature. 

The  Debye  model  of 
polarisation  assumes  that  the 
polarisable  species  exist  in  two  states  of 
different  energy,  with  a  relaxation  time 
controlled  by  the  energy  barrier 
between  the  two  energy  levels.  It  is  not 
possible  to  say  what  the  polarisable 
species  was  in  this  case.  The 
mechanism  cannot  be  associated  with 
the  silicon  nitride  dielectric  because  the 
response  was  only  seen  in  Ar+H2 
Fig  5.  Dipole  located  at  the  H2+Ar  pretreated  interface  treated  samples.  It  COUld  be  associated 

with  a  damaged  interfacial  region, 
though  not  one  created  by  argon  alone,  this  suggests  that  the  hydrogen  atom  was  again  active 
as  a  charge  species  in  creating  polarisable  complexes  within  the  damaged  region. 

The  diagram.  Fig.  5  shows  an  equivalent  planar  surface  dipole  of  surface  moment  QL, 
positioned  at  the  interface.  It  is  polarised  during  the  positive  pulse  and  relaxes  to  its 
unpolarised  state  when  the  pulse  is  removed  by  a  thermally  activated  process.  It  is  unlikely 
that  the  polarisation  process  was  caused  by  a  truly  planar  atomic  dipole  in  the  structurally 
disordered  surface  region.  Nevertheless  the  representation  used  here  is  of  a  dipole  of 
equivalent  moment  near  to  the  interface  which  would  yield  the  observed  electrostatic 
behaviour  believed  to  be  caused  by  charge  displacements  in  a  surface  disordered  region. 
When  a  positive  pulse  was  applied,  the  planar  dipole  was  polarised.  The  reduction  of  dipole 
moment  with  time  following  the  removal  of  the  positive  pulse  would  then  cause  the 
semiconductor  electric  field  to  shift  negatively  causing  the  depletion  region  to  expand  giving 
rise  to  a  decreasing  component  of  channel  current.  The  time  constant  of  this  current 

,  where  AE  is  the  thermal  activation  energy 

for  the  polarisation  relaxation.  The  observation  of  the  negative  spectral  peak  suggests  that  this 
activation  energy  is  0.05eV.  The  change  in  channel  current  associated  with  this  mechanism 
allowed  the  change  in  depletion  width  to  be  inferred  and  related  to  the  magnitude  of  the 
interfacial  polarisation.  The  dipole  moment  per  unit  area  which  this  yielded  was  1.0x10- 
J^C-m-k  Had  the  dipole  had  a  length  of  Inm  the  equivalent  charge  density  would  have  been 
6xl0i2cni-2^  comparable  to  the  interface  state  densities  observed. 

It  appears  that  the  joint  action  of  hydrogen  and  argon  was  needed  to  yield  these  two 
effects.  This  is  further  confirmed  by  their  absence  in  samples  that  were  not  pretreated  or  were 
pretreated  with  nitrogen  and  ammonia  plasmas.  This  evidence  indicates  that  the  deposition 
process  itself  had  no  effect  in  the  production  of  these  phenomena. 


component  can  be  expressed  as  Xp  =  Xoexp! 
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5.  Conclusions 

Samples  which  were  prepared  with  different  plasma  pretreatments  exhibited  electron 
emission  from  interfacial  states  with  bias  dependent  thermal  emission  energies.  The  thermal 
emission  energy  was  significantly  less  than  the  separation  of  the  emitting  states  from  the 
conduction  band  edge.  This  behaviour  is  consistent  with  the  ISB  model.  For  the  samples  that 
were  pretreated  with  a  combination  of  Ar  and  H2,  two  other  features  were  seen  in  the  transient 
spectra.  One  corresponded  to  electron  emission  from  a  bulk  level.  It  is  concluded  that  these 
states  arose  from  deep  damage  caused  by  argon  bombardment  combined  with  the  ingress  of 
hydrogen  atoms  to  form  an  electrically  active  complex.  These  states  were  not  observable 
when  either  argon  or  hydrogen  were  used  alone,  suggesting  that  damage  facilitated  the  entry 
of  electrically  active  hydrogen  atoms.  This  state  is  not  sufficient  to  explain  donor  passivation 
by  hydrogen.  The  other  response  in  the  Ar+H2  treated  sample  had  a  negative  magnitude  and 
its  activation  energy  was  bias  independent.  It  is  unlikely  that  this  could  have  been  due  to  hole 
emission.  The  presence  of  an  interfacial  electric  dipole  which  polarises  under  positive  gate 
bias,  relaxing  by  a  thermally  activated  process  provides  a  consistent  explanation  of  this 
observation.  The  inferred  dipole  moment  per  unit  area  was  1.0x10  ^^C'm  ^  corresponding  to  a 
state  density  of  bxlOi^cm-^  for  a  planar  dipole  length  of  Inm.  This  response  also  required  the 
presence  of  both  Ar  and  H2  suggesting  that  the  polarisation  was  associated  with  a  damaged 
region  made  electrically  active  by  the  hydrogen  atoms. 
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Abstract.  Using  infrared  absorption  spectroscopy,  we  have  observed  local 
vibrational  modes  in  GaP;Be  and  GaP:Zn  exposed  to  a  remote  hydrogen  or  deuterium 
plasma.  In  GaP:Zn,  we  attribute  the  modes  at  2379.0  cm'*  and  1729.4  cm'*  to 
hydrogen-phosphorus  and  deuterium-phosphorus  bond-stretching  modes  of 
complexes  adjacent  to  the  zinc  acceptors.  In  GaP:Be,  we  attribute  the  modes  at 
2292.2  cm‘*  and  1669.8  cm'*  to  similar  complexes  adjacent  to  the  beryllium 
acceptors. 


1.  Introduction 

The  subject  of  hydrogen  passivation  of  defects  and  impurities  in  compound  semiconductors 
has  attracted  a  great  deal  of  interest  in  recent  years.  Although  most  studies  have  focused  on 
GaAs  and  InP  [1,2],  significant  work  has  been  done  on  hydrogen  passivation  in  GaP.  Singh 
ei  al.  used  photoluminescence  (PL)  spectroscopy  to  study  hydrogen  neutralization  of  donors, 
acceptors,  and  the  isoelectronic  nitrogen  trap  in  GaP  [3].  Electrical  measurements 
demonstrated  that  zinc  in  GaP  is  neutralized  after  exposure  to  atomic  hydrogen  [4],  Clerjaud 
ei  al.  observed  the  C-H  and  C-D  bond-stretching  local  vibrational  modes  (LVM's)  [5]  and  the 
N-H  mode  [6]  in  GaP  grown  by  the  liquid-encapsulation  Czochralski  (LEG)  technique. 
LVM's  corresponding  to  hydrogen-defect  complexes  in  LEC-grown  GaP  have  also  been 
observed  [7].  Prior  to  this  study,  LVM's  corresponding  to  group  II  acceptor-hydrogen 
complexes  in  GaP  have  not  been  reported. 


2.  Experiment 

The  GaP  samples  used  for  this  study  had  a  (100)  orientation  and  were  approximately  5  mm  X 
5  mm  X  0.3  mm.  Prior  to  zinc  dififtision,  they  were  n-type,  with  a  sulfur  concentration  of 
around  10*^  cm'^.  To  obtain  GaP:Zn,  GaP  samples  were  placed  with  1  g  zinc  in  an 
evacuated  180  ml  quartz  ampoule  which  had  been  cleaned  in  HF.  The  ampoule  was  placed  in 
a  vertical  furnace  and  the  GaP  samples  were  diffused  for  1  hr  at  a  temperature  of  900‘’C. 
After  completion  of  the  diffusion,  the  samples  were  quenched  to  room  temperature  by 
dropping  the  ampoule  into  ethylene  glycol.  Residual  zinc  on  the  GaP  surfaces  was  removed 
by  immersion  in  dilute  HCl.  A  room  temperature  Hall  effect  measurement  with  the  Van  der 
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Pauw  geometry  verified  that  the  samples  were  p-type  after  zinc  diffusion.  Some  of  the 
samples  were  then  exposed  to  monatomic  hydrogen  or  deuterium  in  a  remote  plasma  system 
as  described  in  Ref  8.  The  hydrogenation  temperature  was  SOO^C  and  the  duration  of  the 
exposure  was  3  hr. 

To  obtain  GaP:Be,  GaP  samples  were  implanted  with  Be  ions  at  energies  of  40  keV, 
100  keV,  and  200  keV,  for  a  total  dose  of  2.5  X  lO^^  cm-^,  followed  by  a  rapid  thermal 
anneal  at  lOOO^C  for  10  s.  A  room  temperature  Hall  effect  measurement  indicated  a  hole 
concentration  of  2.5  X  10^^  cm-2  prior  to  hydrogenation. 

Infrared  absorption  spectra  were  obtained  with  a  Digilab  80-E  vacuum  Fourier 
transform  spectrometer  with  a  KBr  beamsplitter.  Spectra  were  taken  at  10  K  with  an 
instrumental  resolution  of  0.25  cm-^  A  Ge:Cu  photoconductor  was  used  as  the  detector. 
GaP:Zn  and  GaP:Be  samples  which  were  not  H-  or  D-plasma  exposed  were  used  as  reference 
samples. 


3.  Results 


Spectra  recorded  with  the  hydrogenated  and  deuterated  GaP:Zn  samples  show  infrared 
absorption  peaks  at  2379.0  cm-i  and  1729.4  cm-\  respectively,  at  a  temperature  of  10  K 
(Fig.  1).  The  isotopic  ratio  of  these  frequencies,  r  ==  Vh/vq,  is  1.3756.  Neither  peak  was  seen 
in  GaP;Zn  which  was  not  H-  or  D-plasma  exposed.  As  a  further  check,  we  annealed  a  GaP 
sample  for  1  hr  at  a  temperature  of  900<^C  in  an  evacuated  quartz  ampoule  but  with  no  zinc 
present.  The  sample  was  then  exposed  to  a  hydrogen  plasma  under  the  conditions  described 
above.  Again,  neither  peak  was  seen  in  the  absorption  spectrum.  GaP:Zn  samples  which 
were  exposed  to  a  H/D  plasma  mixture  showed  both  peaks  but  no  new  peaks  which  would 
have  indicated  a  HD  complex.  Free  carrier  absorption  prevented  measurements  below  1300 
cm'^ 


GaP;Zn,D 


GaP:Zn.H 


Wave  numbers  (cm'^) 


Figure  1.  Infrared  absorption  spectra  of  deuterated  and  hydrogenated  GaP:Zn  and  suggested 
model  for  H-passivation. 
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Figure  2.  Infrared  absorption  spectra  of  deuterated  and  hydrogenated  GaP:Be  and  suggested 
model  for  H-passivation. 


By  way  of  comparison,  hydrogenated  InP;Zn  has  a  bond-stretching  mode  at  2287.7 
cm-^  and  isotopic  ratio  r  =  1.3744  [9].  The  bond-stretching  mode  has  been  attributed  to  a  H- 
P  complex  oriented  along  a  bond-centered  direction,  adjacent  to  the  Zn  acceptor,  with  H 
essentially  decoupled  from  Zn.  Since  the  LVM's  and  the  r-factor  for  GaP:Zn  are  similar  to 
the  corresponding  values  for  InP;Zn,  we  assume  the  structures  are  the  same.  The  H-P  model 
receives  fUrther  support  from  the  observation  that  the  LVM  frequency  is  very  different  from 
the  bond-stretching  frequency  of  Zn-H  (1600  cm’^).  This  is  in  agreement  with  pervious 
studies  [10],  which  determined  that  in  group  II  acceptor-hydrogen  complexes  in  GaAs,  the 
hydrogen  is  bound  directly  to  a  neighboring  arsenic  atom. 

The  hydrogenated  and  deuterated  GaP:Be  samples  show  infrared  absorption  peaks  at 
2292.2  cm"^  and  1669.8  cm"^,  respectively,  at  a  temperature  of  10  K  (Fig.  2).  The  isotopic 
ratio  of  these  frequencies,  r  =  v^/vj),  is  1.3727.  Neither  peak  was  seen  in  GaP:Be  which  was 
not  H-  or  D-plasma  exposed.  Once  again,  these  values  are  similar  to  the  corresponding 
values  in  hydrogenated  InP.Be,  which  has  a  H-P  bond-stretching  mode  at  2236.5  cm~^  and 
isotopic  ratio  r  =  1.3714.  We  therefore  assume  that  the  absorption  peaks  arise  from  a  H-P 
complex  oriented  in  a  bond-centered  direction,  adjacent  to  the  Be  acceptor. 

The  H-P  modes  in  GaP  are  higher  than  the  H-P  modes  in  InP;  this  may  be  related  to 
the  fact  that  GaP  has  a  smaller  lattice  constant.  In  addition,  the  H-P  modes  in  GaP:Zn  are 
higher  than  the  H-P  modes  in  GaP:Be.  The  increase  in  hydrogen  bond-stretching  frequencies 
with  increasing  group  II  acceptor  size  has  also  been  observed  in  InP  and  GaAs. 

The  positions  and  FWHM  of  the  observed  peaks  are  listed  in  Table  I.  The  FWHM  of 
the  D-P  peaks  at  10  K  are  approximately  twice  as  small  as  those  of  the  H-P  peaks.  This 
effect  has  been  observed  in  numerous  hydrogen-related  complexes  in  III-V  semiconductors 
and  is  related  to  the  smaller  average  vibrational  amplitude  of  the  D  atom  as  compared  to  the 
H  atom.  In  InP:Zn,  for  example,  the  D-P  peak  at  6  K  is  narrower  than  the  H-P  peak  by  a 
factor  of  2.9. 
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Compound 

H-P  stretch  mode 
Peak  FWHM 

(cm-i)  (cm-i) 

D-P  stretch  mode 

Peak  FWHM 

(cm‘^)  (cm'O 

r=v„/vD 

GaP:Be 

2292.2 

1.8 

1669.8 

0.7 

1.3727 

InP:Be« 

2236.5 

0.43 

1630.9 

0.2 

1.3714 

GaP:Zn 

2379.0 

1.1 

1729.4 

0.5 

1.3756 

InP;Zn« 

2287.7 

0.23 

1664.5 

0.08 

1.3744 

«Ref  1. 


Table  1.  Frequencies  and  FWHM  of  hydrogen  LVM  peaks  in  GaP  and  InP. 
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Abstract.  The  growth  of  high  quality  GaAs/GaAs  interfaces  on  in-situ  CI2  etched  (100)  GaAs 
surfaces  is  demonstrated.  Etching  is  performed  on  as-grown  MBE  GaAs  surfaces  in  an 
integrated  ultrahigh  vacuum  etching  chamber  by  pure  chemical  gas  etching  at  140,  180,  210, 
and  280  ®C.  Current-voltage  characteristics  of  Schottky  diodes  formed  by  this  all  in-situ  process 
have  ideality  factor  of  1.03  and  no  measurable  current-limiting  effect  caused  by  the  etched 
interface  (except  for  the  sample  etched  at  280  ®C).  Trace  amounts  (low  10^^  cm'^)  of  etch- 
induced  point  defects  are  present  at  the  etched/regrown  interface  as  revealed  by  CV  and  DLTS 
measurements.  The  defect  densities  presented  in  this  work  are  the  lowest  ever  reported  on  etched 
GaAs  surfaces. 

1.  Introduction 

It  is  well-established  that  significant  modifications  to  a  GaAs  surface,  for  example, 
oxidation,  causes  the  surface  Fermi  level  to  be  pinned  around  mid-gap.  The  oxidation 
process  results  in  the  formation  of  a  high  density  of  defects  on  the  surface.  To  address  the 
problem  of  oxidation  during  device  processing,  we  have  devised  a  unique  etch  and  regrowth 
system  for  the  formation  of  devices  under  ultrahigh  vacuum  (UHV)  conditions.  We 
demonstrate  in  this  paper  that  by  the  use  of  the  all  in-situ  processing  technique,  defect  density 
at  etched/regrown  interfaces  is  extremely  low  and  these  interfaces  do  not  display  any  Fermi 
level  pinning  effect. 

2.  Experimental 

The  experimental  setup  of  the  in-situ  etching  chamber  has  been  described  elsewhere 
[1].  Samples  used  in  this  study  were  all  n-type  and  grown  by  Molecular  Beam  Epitaxy 
(MBE)  at  600  under  As-rich  conditions.  A  heavily  doped  layer  followed  by  a  lightly 
doped  (lO^^  cm"3)  buffer  was  first  grown  on  a  heavily  doped  substrate.  The  sample  was 
then  transferred  to  an  adjacent  etching  chamber  via  an  UHV  transfer  tunnel.  After  the 
substrate  temperature  had  been  stabilized,  etching  was  performed  with  a  CI2  flow  rate  of  5 
seem  and  a  chamber  pressure  of  2x1 0"4  Torr.  Chlorine  has  been  extensively  used  as  the  etch 
gas  for  various  dry  etching  processes  of  GaAs-based  semiconductors  [2-4].  After  etching, 
the  sample  was  transferred  back  to  the  MBE  growth  chamber  for  the  subsequent  regrowth  of 
a  10^^  cm"3  cap  layer.  The  sample  was  removed  from  the  growth  facility  for  the  thermal 
evaporation  of  circular  dots  of  Au,  685  pm  in  diameter,  to  form  the  top  Schottky  contact.  The 
conductive  substrate  served  as  the  other  electrical  contact.  In  this  study,  we  have  compared 
the  electrical  properties  of  etched/regrown  interfaces  formed  with  four  different  etching 
temperatures  -  140,  180,  210,  and  280  ^C.  These  samples  are  labeled  A,  B,  C,  and  D, 
respectively.  Current-voltage,  CV,  and  DLTS  were  used  for  characterizing  the  electrical 
properties  of  these  interfaces. 
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3.  Results  and  Discussion 

The  presence  of  a  high  density  of  compensating  interface  defects  causes  a  build  up  of 
electrical  charges  at  the  interface.  This  results  in  the  formation  of  a  depletion  region  and  band¬ 
bending  across  the  interface.  This  scenario  is  depicted  in  Fig.  1.  If  the  band-bending  is  larger 
than  a  thermal  unit,  a  current  blocking  barrier  will  be  formed.  Not  only  is  this  effect  easily 
observable  when  the  diode  is  forward  biased,  it  is  also  a  good  indication  on  the  quality  of  an 
interface  For  a  sample  doped  to  cm'^,  a  band-bending  of  a  thermal  unit  corresponds  to 
an  interface  trap  density  of  1.2x10^^  cm'^.  Only  one  of  the  samples  used  in  this  study 
displays  a  current  limiting  effect  caused  by  the  etched  interface.  The  Schottky  plot  of  the  I-V 
characteristics  for  samples  B  and  D  are  shown  in  Fig.  2.  The  I-V  curves  of  samples  A  and  C 
are  similar  to  that  of  sample  B.  It  is  then  clear  that  samples  A,  B,  and  C  have  lower  interface 
trap  density  then  sample  D,  and  Fermi  level  pinning  is  absent  in  all  of  these  samples. 
Although  sample  D  displays  a  current  blocking  effect,  the  interface  trap  density  (as  discussed 
below)  is  still  low  enough  that  the  interface  Fermi  level  is  not  pinned.  In  comparison,  an  ex- 
situ  etched  epi/substrate  interface  displays  a  larger  current  blocking  effect  then  that  shown  in 
sample  D. 


Schottky 
Contact  I 


Interface  traps  causes 
current  blocking  effect 


Fig.  1.  Energy  band  diagram  depicting  the  current 
blocking  effect  at  an  interface. 


Current  is  limited  by  parasitic 
series  resistance 


Fig.  2.  Comparision  of  the  Schottky-Plots  of 
two  etched  diodes.  Sample  B  does  not  show 
any  current  limiting  effect  due  to  the  interface. 


To  be  more  quantitative,  the  CV  carrier  profile  technique  is  used  to  determine  the  total 
carrier  depletion  caused  by  the  etched  interface.  The  apparent  carrier  concentration,  Napp,  as 
a  function  of  distance  can  easily  be  obtained  since  the  total  depletion  width  is  a  known 
function  of  the  gate  bias.  Figure  3  shows  the  carrier  profile  for  the  four  samples.  It  is 
obvious  that  carrier  depletion  across  the  interface  is  a  strong  function  of  etching- 
temperatures.  It  should  be  pointed  out  that  there  are  regions  in  the  samples  where  Napp  is 
higher  than  the  background  doping  concentration.  This  effect  is  caused  by  the  response  of  the 
interface  traps  to  the  applied  DC  bias  (CV  stretch  out)  and  does  not  indicate  the  presence  of 
carrier  accumulation  at  the  interface. 
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Fig  3.  CV  carrier  profiles  of  four  etched/regrown  samples. 


The  integrated  carrier  depletion,  Nint,  across  the  interface  for  the  four  samples,  A 
through  D,  are  found  to  be  1.2,  0.84,  1.6  and  4.0xl0ll  cm"^,  respectively.  These  numbers 
are  the  lowest  ever  reported  for  any  etched  GaAs  surfaces  and  interfaces.  It  can  be  seen  that 
these  results  are  consistent  with  our  earlier  discussion  on  the  I-V  characteristics  of  these 
samples  -  the  only  sample  (D)  which  displays  a  current  limiting  effect  in  the  I-V 
characteristics  also  shows  the  largest  carrier  depletion.  In  investigating  other  samples,  we 
have  observed  a  monotonic  decrease  in  Nint  with  decreasing  etch  depth.  For  example,  we 
measured  an  Nint  of  2.9x10^^*  cm'^  in  a  sample  (E)  in  which  600  A  of  GaAs  was  etched  at 
180  oC  compared  to  3000  A  in  samples  A  through  D.  This  etch-depth  dependence  is  not 
currently  understood  and  is  under  investigation. 


We  have  performed  DLTS  measurements  on  these  samples  in  order  to  determine  what 
kinds  of  interface  traps  are  present.  The  DLTS  spectra  of  sample  E,  the  sample  with  the 
lowest  Nint,  is  shown  in  Fig.  4. 


The  thermal  signatures  of  these  discrete  traps  are  very  similar  to  those  found  in 
Argon  sputtered  GaAs  bulk  samples  [5-6],  and  these  traps  are  known  to  be  non- 
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stoichiometric  point  defects.  The  extracted  trap  activation  energies  and  capture  cross-sections 
from  Fig.  4  are  listed  in  Table  1.  The  facts  that  these  traps  are  non-stoichiometric  defects 
and  Nint  displays  a  strong  dependence  on  etch-temperatures  suggest  that  the  desorption-rate 
ratio  between  GaCl  and  AsCl  plays  an  important  role  in  the  determination  of  Nint- 


Table  1.  Activation  energies  and  capture  cross-sections  of  etch-induced  traps. 


Label 

Ea,eV 

0 

s,  cm^ 

El 

0.16 

0.7x10-^^ 

E2 

0.28 

7.7x1 0-^5 

E3 

0.41 

1.4x10-13 

E4 

0.49 

1.8x10-13 

E5 

0.61 

1.6x10-13 

E6 

0.73 

4.3x10-13 

4.  Conclusion 

We  have  demonstrated  very  high  quality  GaAs  regrowth  on  etched  GaAs  surfaces 
with  record  low  interface  trap  density.  The  interface  does  not  exhibit  any  measurable  current 
blocking  effect.  The  etch  induced  traps  have  thermal  signatures  very  similar  to  those  found  in 
Ar  sputtered  bulk  GaAs.  Our  data  suggest  that  the  desorption-rate  ratio  between  GaCl  and 
AsCl  plays  an  important  role  in  the  determination  of  the  density  of  interface  traps. 
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Abstract.  As-grown  and  annealed  MBE  GaAs  layers  prepared  at  various 
temperatures  T^ =200-600  °C  are  analyzed  and  a  strong  influence  of  T^  on 
the  layer  properties  is  demonstrated.  In  as-grown  layers  the  resistivity  ex¬ 
tremely  increases,  by  six  orders  of  magnitude,  with  T^  increased  from  200 
to  400  °C.  An  opposite  effect,  a  strong  decrease  of  the  resistivity  occurs  if 
T^  increases  from  450  to  600  °C.  Semi-insulating  GaAs  layers  (paoo'^lO^  0 
cm)  with  regular  GaAs  lattice  constant  can  be  prepared  at  T^  between  400 
and  450  without  annealing  and  these  layers  are  thermally  stable  in  their 
resistivity  during  annealing  (590  *^0,  10  min).  Photoconductors  prepared  on 
400  °C  layers  show  a  higher  sensitivity  but  a  longer  response  time  than  on 
typical  LTG  GaAs  layers.  Further,  the  BEP  ratio  between  7  and  19  has  no 
significant  influence  on  the  resistivity  of  200  °C  layers  but  for  350  °C  grown 
layers  an  increase  of  the  resistivity  by  factor  of  about  10  with  decreasing 
BEP  ratio  is  observed  for  both  as-grown  and  annealed  layers.  Finally,  we 
observed  an  influence  of  the  annealing  time  on  the  resistivity  of  GaAs  layers. 


1.  Introduction 

The  growth  of  GaAs  layers  by  molecular-beam  epitaxy  (MBE)  is  normally  performed  at 
substrate  temperatures  of  ~600  °C.  A  material  of  excellent  structural,  electrical  and  op¬ 
tical  properties  can  be  obtained.  Intentionally  undoped  layers  generally  exhibit  p-type 
conductivity  with  a  carrier  concentration  of  10^^- 10^^  cm“^  [1].  The  deep-trap  concen¬ 
tration  increases  if  the  growth  temperature  decreases  and  below  ~450  °C  a  high  resistive 
GaAs  layers  will  be  grown  [2].  Recently,  it  has  been  shown  that  even  semi-insulating 
(SI)  layers  can  be  prepared  at  400  °C  [3]. 

It  is  known  that  the  growth  at  extremely  low  temperatures,  T^  ~200  °C,  makes  it 
possible  to  prepare  layers  attractive  for  applications  at  photoconductive  switches  and 
field-effect  devices  [4].  However,  low-temperature-grown  (LTG)  MBE  GaAs  has  a  special 
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feature  that  its  properties  will  change  if  an  annealing  is  performed.  As-grown  layers  are 
conductive  (~10^  0  cm)  and  highly  lattice  mismatched  with  %  of  excess  arsenic 
incorporated  mainly  as  Asca-related  native  defects  of  extremely  high  concentrations,  as 
high  as  10^°  cm-^  After  annealing  (usually  at  600  for  10  min),  the  native  defect 
concentrations  decrease,  As-precipitates  are  formed,  the  lattice  mismatch  disappears 
and  the  layer  becomes  high  resistive  (10^-10^  cm).  Two  models  have  been  proposed 
to  explain  the  conduction  mechanism  of  LTG  GaAs.  The  first  one  is  based  on  the  action 
of  As-precipitates  as  buried  Schottky  barriers  which  can  fully  deplete  the  layer  [5].  The 
second  model  takes  into  account  the  compensation  effect  of  deep  Asca-related  donors  [6]. 
In  spite  of  great  activity  on  LTG  materials  many  questions  still  remain  open.  Recently, 
a  tendency  to  study  the  layer  properties  grown  at  higher  temperatures  than  LTG-typical 
200  ""C  exists  [3,7].  A  systematic  study  on  the  GaAs  layers  as  a  function  of  the  growth 
temperature  has  not  been  reported. 

The  aim  of  the  present  study  is  to  investigate  extensively  electrical  and  structural 
properties  of  MBE  GaAs  layers  grown  at  various  temperatures  between  200  and  600  °C, 

1. e.  in  the  whole  range  between  the  LTG-typical  and  the  conventional  conditions.  Pre¬ 
cise  conductivity  measurements  in  the  range  of  300-440  K,  high  resolution  x-ray  topog¬ 
raphy  (HRXT),  transmission  electron  microscopy  (TEM)  and  electro-optical  sampling 
(EOS)  analyses  were  performed  in  our  study.  We  investigated  properties  of  as-grown 
and  annealed  GaAs  layers  prepared  at  the  conventional  LTG  conditions,  as  well  as  layer 
properties  as  a  function  of  growth  and  annealing  parameters. 

2.  Experimental  procedures 

The  GaAs  layers  under  investigation  in  this  study  were  grown  in  a  Varian  Mod  GEN  II 
MBE  system,  under  As-stabilized  conditions,  on  indium-free-mounted  2-in.-diam  (100) 
SI-GaAs  wafers.  The  growth  temperature  was  adjusted  by  a  calibrated  thermocouple 
in  the  range  between  200  and  600  °C  in  increments  of  50  °C.  We  will  note  that  all 
data  concerning  the  growth  temperature  are  only  thermocouple  readings  here.  2  /zm 
thick  layers  were  grown  at  the  growth  rate  of  1  /^m/h  and  the  As4/Ga  beam-equivalent- 
pressure  (BEP)  ratio.  The  layers  were  predominantly  grown  at  BEP  =  19,  additionally 
layers  using  BEP  =  7  and  13  were  prepared.  No  post  growth  annealing  was  performed 
in  the  MBE  chamber.  10x10  mm^  samples  were  cleaved  from  each  wafer  for  extensive 
electrical  and  structural  characterization.  Layers  prepared  at  all  growth  temperatures 
were  annealed  at  typical  LTG  conditions,  i.e.  T^  =  590  °C,  t^  =  10  min,  to  evaluate 
their  thermal  stability.  The  influence  of  annealing  time,  t^  varried  between  10  and  60 
min,  on  the  layer  properties  was  studied.  Rapid  thermal  processing  under  local  As  over¬ 
pressure  was  used  for  annealing. 

Precise  dc-conductivity  measurements  (within  an  error  of  less  than  3  %)  [8]  were 
carried  out  in  the  temperature  range  from  300  up  to  440  K  using  a  high-impedance 
system  and  the  van  der  Pauw  method.  Nonalloyed  contacts  were  prepared  by  rubbing 
in  In-f-Ga  at  room  temperature  to  avoid  the  influence  of  heating  before  measurements 
were  performed.  The  TV  characteristics  of  these  contacts  showed  ohmic  behaviour.  Be¬ 
fore  contacting,  the  samples  were  treated  in  HCl  for  5  min  and  consequently  rinsed  in 
Dl-water  to  avoid  a  surface  conduction  caused  by  an  improper  oxide  layer.  The  resis¬ 
tivity  of  the  layer  was  determined  from  sheet  resistivity  measurements  before  (r^)  and 
after  (r^)  etching  away  the  GaAs  layer  from  the  SI  GaAs  substrate,  using  the  equation 
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p  =  de{r^  where  dg  is  the  layer  thickness  [9].  The  resistivity  of  SI  GaAs 

substrates  very  slightly  varried  from  wafer  to  wafer,  /)3oo  ~  (1-I.5)xl0®  ft  cm.  The  lat¬ 
tice  constant  of  GaAs  layers  normal  to  the  layer-substrate  interface  was  determined  by 
measuring  the  (004)  rocking  curves  using  a  high-resolution  x-ray  diffractometer.  The 
lattice  mismatch  (ae-a5)/as  was  evaluated  from  two  separate  peaks  of  the  Bragg  reflec¬ 
tion  atributed  to  the  substrate  (s)  and  MBE  layer  (e).  Additionally,  TEM  micrographs 
were  used  to  evaluate  the  structural  quality  and  the  formation  of  As-precipitates.  EOS 
measurements  were  performed  to  study  the  properties  of  photogenerated  carriers. 


3.  Results  and  Discussion 

3,1.  Effect  of  the  growth  temperature 

The  resistivity  dependences  on  the  reciprocal  temperature  for  some  typical  unannealed 
GaAs  layers  grown  at  various  temperatures  T^  are  shown  in  Fig.  1.  The  resistivity 
dependence  for  SI  GaAs  substrate  is  shown  for  comparison  too.  The  200  and  250  °C 
layers  represent  common  LTG  material,  with  low  resistivity  and  dominated  hopping 
conduction  above  the  room  temperature.  The  Hall  mobility  PH{zmK)  ^  0.15  cm^/Vs 
has  been  obtained  in  our  previous  study  on  LTG  GaAs  [9].  The  lattice  mismatch  in 


these  layers  is  high,  between  0.11  and  0, 
excess  As.  The  lattice  mismatch  de¬ 
creases  and  the  resistivity  increases  with 
increased  T^  from  200  to  350  '^G.  The 
350  °C  grown  layer  is  nearly  lattice 
matched  to  the  substrate  and  the  resis¬ 
tivity  becomes  high,  '-^10^  H  cm  at  300 
K.  The  ln/>  =  f(T“^)  dependence  of  350 
°C  layer  shows  a  linear  region  at  higher 
measurement  temperatures  with  the  ac¬ 
tivation  energy  of  0.68  eV.  The  value 
of  0.65  eV,  attributed  to  As^/fi-related 
deep  donors,  has  been  found  before  [7]. 

A  further  increase  of  p  with  T^  is  ob¬ 
served,  as  demonstrated  on  450  °G  layer 
which  shows  semi-insulating  properties 
with  p3oo  ~10^  ft  cm.  An  increase  of 
resistivity  of  about  six  orders  of  magni¬ 
tude  exists  between  200  and  450  °C.  The 
activation  energy  of  0.75  eV  is  evaluated 
for  the  450  °C  sample,  which  is  a  typical 
value  for  bulk  SI  GaAs  [10].  However, 
the  550  °C  layer  is  quite  conductive,  p.-joo 
~260  ft  cm.  From  Hall  data  p-type 
conductivity  was  evaluated,  which  is  ex¬ 
pected  for  conventional  growth  (T^  C:; 
600  ®C)  of  intentionally  undoped  MBE 
GaAs  [1]. 


3  %,  which  corresponds  to  ~  0.7-0. 9  %  of 


Fig.  1  Resistivity  vs  inverse  measurement 
temperature  for  unannealed  GaAs  layers 
grown  at  various  temperatures  (full  dots) 
and  for  SI  GaAs  substrate  (crosses). 
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The  influence  of  the  growth  tem¬ 
perature  on  the  conduction  properties  ^qs 
of  MBE  GaAs  is  also  demonstrated  in 
Fig.  2.  The  room- temperature  resis-  ^ 

tivity  as  a  function  of  T^  for  layers  be¬ 
fore  and  after  annealing  (590  °C,  10  min) 
are  shown  here.  Three  different  regions  10 
of  P300  vs  T^  dependence  can  be  distin¬ 
guished.  The  first,  in  which  a  strong  in-  |  io® 
crease  of  as-grown  resistivity  from  about 
10  to  >10^  n  cm  with  T^  increased  from  ^^4 
200  to  ~350  °C  exists.  Layers  grown  ^ 
in  this  temperature  range  are  thermally  ^  ^ 

unstable,  the  resistivity  of  all  layers  in-  1° 
creases  up  to  10^-10^  Hem  after  anneal¬ 
ing  (open  dots).  This  is  a  typical  be-  10^ 
haviour  of  LTG  materials.  The  second 
region  at  T^  ~400-450  °C  can  be  charac- 
terized  by  semi-insulating  properties  of 
as-grown  as  well  as  annealed  layers,  de-  ^ 

spite  the  fact  that  it  is  difficult  to  mea¬ 
sure  such  high  resistivities  on  our  sam¬ 
ples  due  to  the  small  difference  between 
sheet  resistivities  of  the  layer  and  sub-  Fig.  2  Room-temperature  resistivity  vs 
strate.  However,  from  the  possible  error  growth  temperature  (thermocouple  read- 
estimation  at  performed  measurements  only)  for  as-grown  (o)  and  annealed 

we  have  evaluated  the  lower  resistivity  GaAs  layers, 

limit  of  5x10®  H  cm  for  these  samples 
and  resitivity  of  about  2x10^  fl  cm  for 

400  °C  growth  has  already  been  reported  [3].  Layers  grown  at  T^  ~450-600  °C  show 
p-type  conductivity,  are  thermally  stable  and  the  resistivity  decreases  extremely,  from 
~10^  to  ~10^  H  cm,  to  the  values  expected  for  ~600  ''C  growth  (assuming  p  ~10^^ 
cm“®,  fip  ~400  cm^/Vs).  It  is  known  that  layers  grown  at  200  ""C  exhibit  very  high 
concentrations  of  native  defects,  ~  10^^- lO'^®  cm  and  with  increased  T^  the  defects 
concentrations  decrease  to  -10^^  cm-'^  at  T,  ~600.  At  the  intermediate  temperatures, 
Tg  ~400-450  °C,  the  compensation  effect  between  deep  donors  and  shallow  acceptors 
might  be  responsible  for  semi-insulating  properties  of  GaAs.  The  As-precipitates  should 
not  exist  in  as-grown  layers,  and  we  could  not  find  them  in  as-grown  layers  either,  there¬ 
fore  it  is  difficult  to  explain  the  observed  high  resistivity  of  400-450  grown,  unannealed 
GaAs  layers  by  the  Schottky  barrier  model  proposed  by  Warren  et  al.  [5].  According 
to  our  results.  Look’s  deep-level  model  [6]  could  be  used  to  describe  the  properties  of 
GaAs  layers  grown  at  lower  temperatures.  On  the  other  hand,  some  questions  are  still 
open  and  need  a  more  detailed  study,  for  example  the  different  annealing  influence  on 
GaAs  layers  grown  below  and  above  350  °G. 

It  is  known  that  annealed  LTG  GaAs,  which  is  highly  resistive,  can  be  used  as  a 
fast  photoconductive  switch.  We  prepared  MSM  photodetectors  on  some  GaAs  layers 
and  as  an  example  two  switch  responses  are  shown  in  Fig.  3.  One  is  for  200  °C  grown 


200  300  400  500  600 

growth  temperature,  “C 


299 


and  590  ®C  annealed  layer  with 
the  resistivity  pzQo  =  2.6x10^  ft  cm 
(lower  trace,  left  voltage  axis)  and 
the  second  for  400  °C  grown  unan¬ 
nealed  layer  with  p3oo  ^  10^  H  cm 
(upper  trace,  right  y-axis).  The 
400  °C  layer  exhibit  at  dc  bias  of 
5  V  about  5-times  higher  sensitiv¬ 
ity  than  the  200  °C  layer  at  10  V 
bias.  This  indicates  that  in  400  '’C 
layer  the  carrier  mobility  should  be 
higher  than  in  200  layer.  Re¬ 
cently,  Nabet  et  al  [11]  have  re¬ 
ported  on  improved  dc  properties 
of  photodetectors  on  GaAs  layers 
grown  at  350-500  and  they  sup¬ 
pose  a  higher  speed  on  layers  with 
higher  mobility  than  on  typical  LTG 
GaAs  grown  at  200  °C.  From  our  measurements,  presented  in  Fig.  3,  it  follows  that  200 
and  400  °C  layers  show  the  same  rise  times  but  the  400  °C  layer  exhibit  much  longer 
fall  time  than  200  layer.  Some  slowly  recombinating  centers  must  dominate  in  400 
layer.  In  addition,  we  have  observed  different  response  behaviour  on  as-grown  and 
annealed  layers,  both  grown  at  400  although  the  layer  resistivity  of  ~10^  Cl  cm  has 
not  changed  during  annealing. 

3.2,  Effect  of  the  BEP  ratio,  annealing  time  and  layer  thickness 

The  BEP  of  20  is  usually  used  at  the  growth  of  LTG  GaAs  and  its  effect  on  the  layer 
properties  is  not  known.  We  have  grown  layers  at  three  different  BEP  ratios  (19,  13  and 
7)  and  measured  resistivities  on  layers  grown  at  200  and  350  °C  are  shown  in  Tab.  1. 
On  the  200  °C  layers  very  slight  decrease  of  the  resistivity  with  decreased  BEP  ratio  is 
observed  for  both,  as-grown  and  annealed  layers.  An  opposite  effect  is  observed  on  350 
'’C  layers,  the  resistivity  increases  with  decreased  BEP  ratio.  Practically  no  influence  of 
annealing  on  the  350  °C  layer  resistivity  is  observed  if  BEP  ratio  is  7.  However,  layers 
prepared  using  BEP  ratio  of  19  are  thermally  stable  only  if  T^  >  400  °C  (see  Fig.2). 

Tab.  1  Influence  of  BEP  ratio  on  the  room-temperature  resistivity  of  GaAs  layers 
grown  at  200  and  350  before  and  after  annealing  (590  °C,  10  min). 

Tg  =  200  °C  T^  350  "C 

as-grown  annealed  as-grown  annealed 

BEP  ratio  resistivity,  psoo  [  cm  ] 


19 

18 

2.6  X  10^ 

1.4  X  10* 

5.3  X  10* 

13 

17.7 

2.4  X  10* 

1.6  X  10* 

9x  10* 

7 

17.5 

1.2  X  10* 

1.8  X  10® 

2  X  10® 

tuuu 

auo 

t>oo 

400 

200 

0 

0  6  10  15  20  25  30  35 
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Fig.  3  Photoconductor  switch  responses  of 
GaAs  layers  grown  at  200  °C  (lower  trace) 
and  400  °C  (upper  trace). 


300 


It  is  common  to  anneal  the  LTG  layers  for  the 
period  of  only  10  min.  An  increase  of  the  resistivity 
with  annealing  time  is  demonstrated  in  Tab.  2. 
Similar  values  are  obtained  if  the  layer  is  annealed 
30  min  in  one  run  or  twice  (10+20  min).  Layers 
prepared  at  higher  show  smaller  increase  of  the 
resistivity  with  increased  annealing  time  ta. 

The  structural  quality  of  the  layers  was  studied 
by  cross-sectional  TEM  micrographs.  On  the  200 
layers  a  breakdown  of  the  crystallinity  was 
observed  at  the  thickness  of  ~1  fim,  but  even 
6  iim  thick  layers  with  perfect  crystallinity  can  be  grown  at  250  °C. 

4.  Conclusions 

The  effect  of  the  growth  temperature  varying  between  200  and  600  °C  on  the  properties 
of  MBE  GaAs  layers  has  been  studied.  Thermally  stable  semi-insulating  layers  can  be 
grown  at  T^  ~  400-450  °C.  The  influence  of  the  BEP  ratio  and  annealing  time  on  the 
layer  properties  is  shown.  Different  photoresponse  behaviour  of  high  resistive  200  °C 
(annealed)  and  400  °C  (as-grown)  layers  is  demonstrated. 
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Abstract:  The  effects  of  growth  and  annealing  temperatures  on  the  electrical  properties  of  the 
low  temperature  (LT-)  grown  GaAs  have  been  investigated.  It  was  found  that  the  resistivity  of 
the  as-grown  LT-GaAs  layer  increased,  while  the  breakdown  voltage  decreased  as  the  growth 
temperature  was  increased,  approaching  the  value  of  the  bulk  GaAs.  Thermal  annealing  causes 
an  exponential  increases  of  the  resistivity  with  increasing  annealing  temperature  T^,  giving  an 
activation  energy  of  E^~2.1eV.  The  transport  in  the  LT-GaAs  layers  was  found  to  be 
dominated  by  hopping  conduction,  and  additionally  by  a  thermally-activated  process  at  high 
temperatures.  The  breakdown  voltage  Vg^,  for  as-grown  LT-GaAs  increased  with  decreasing 
measurement  temperature,  but  decreased  with  decreasing  temperature  following  annealing  at 
T^>500°C.  The  hopping  conduction  is  held  responsible  for  the  observed  electrical  breakdown 
properties. 

1.  Introduction 

Gallium  Arsenide  grown  by  molecular  beam  epitaxy  (MBE)  at  low-temperature  (LT-)  has 
recently  attracted  much  attention  for  its  unique  electrical  and  optical  properties  and  its  great 
potential  in  device  applications[l-4].  Unlike  conventional  MBE  GaAs,  the  LT-GaAs  grown  at 
200~300°C  is  non-stoichiometric  owing  to  the  incorporation  of  excess  arsenic,  which  has  a 
strong  dependence  on  the  growth  temperature,  Tg.  The  excess  arsenic  induces  a  high  density 
of  anti-site  defects  Asq^,  of  the  order  10^^~10l^cm-^[5],  leading  to  a  defect  mini-band  and 
the  dominance  of  hopping  conduction[6].  Post-growth  annealing  at  T^~600°C  has  been 
found  to  cause  the  precipitation  of  the  excess  arsenic[7,8],  with  the  formation  of  buried 
Schottky  barriers  with  overlapping  depletion  regions  which  results  in  very  high 
resistivity[5,8].  It  has  been  established  that  the  resistivity  of  the  LT-GaAs  is  determined  by  the 
hopping  conduction  between  As-clusters[9].  In  this  paper,  we  report  the  effect  of  growth 
temperature  and  subsequent  annealing  temperature  on  the  electrical  breakdown  properties  of 
the  LT-GaAs  layers,  and  the  corresponding  transport  properties. 

2.  Experimental  procedure  and  sample  preparation 

The  LT-GaAs  layers  were  grown  to  a  thickness  of  1pm  on  SI-GaAs  substrates  using  a  VG 
V80H  MBE  system.  After  the  removal  of  the  oxide  at  630°C,  the  substrates  were  cooled  to 
growth  temperatures  of  200,  250  and  300°C  (Samples  LTl,  LT2  and  LT3)  respectively,  as 
monitored  by  a  thermocouple.  The  growth  rate  was  1  pm/hr  using  AS4  fluxes  with  a  pressure 
of  lO'^mbar. 

Thermal  annealing  was  carried  out  in  the  temperature  range  of  350~650°C  for  intervals  of 
lOminutes  in  a  nitrogen  ambient.  The  LT-GaAs  layers  were  mounted  face  to  face  on  SI-GaAs 
substrates  to  minimise  the  out-diffusion  of  arsenic  from  the  surface  of  the  LT-GaAs  layer. 
Au/Ge/Ni  was  evaporated  directly  on  the  LT-GaAs.  All  samples  used  here  were  alloyed  at 
430°C  to  form  Ohmic  contacts.  Although  the  resistivity  was  found  to  be  changed  by  more 
than  one  order  at  this  alloying  process,  there  was  no  change  of  the  breakdown  properties[9]. 
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The  coplanar  test  structure  is  shown  in  Fig.l  inset.  Samples  were  mounted  in  a  Joule- 
Thomson  Refrigerator,  and  current-voltage  characteristics  were  measured  by  Keithley  source- 
measure  units. 


Tg  : 

0  200“C 
•  250°C 
V  300“C 
▼  SI-GaAs 


VOLTAGE  (V) 

Fig.l  I-V  plots  for  Samples  grown  at  200, 
250,  300*^0  and  Sl-Substrate 


3.  Results  and  discussion 

3 . 1  Electrical  properties  of  the  as-grown  LT-GaAs 

Figure  1  shows  log-log  I-V  plots  for  Samples  io“^  _ . _ ■ _ ,  ,  , 

LTl,  LT2  and  LT3.  The  figure  shows  |  * 

essentially  Ohmic  behaviour  for  all  samples.  The  to  ^  ^  | 

resistivity  increases  with  increasing  growth 

temperature  up  to  300°C,  the  upper  limit  of  LT-  GaAs-Sub.  ^iT-CaA^^y^ 

GaAs  growth  temperature,  thereafter  the  current  <10'^ 
increased  rapidly  as  the  voltage  was  increased,  h  ^ 

The  plot  for  a  SI-GaAs  sample  is  also  shown  for  w  j 

comparison,  and  displays  a  much  higher  g  ^^-7  J 

resistivity.  Parallel  conduction  through  SI-GaAs  ^  ^  * 

can  be  ruled  out,  since  the  resistivity  of  the  SI-  10"®  •  j;  lloIL'si-GaAr 
GaAs  is  more  than  two  orders  of  the  magnitude  ^  o^loo'c 

greater  than  that  of  the  LT-GaAs.  Furthermore,  *  3oo°c 

a  significant  difference  in  the  breakdown  ^^-lo  ^ 

characteristics  for  the  SI- and  LT-GaAs  is  seen.  2  0"^  10°  10*  10^ 

SI-GaAs  I-V  properties  show  an  Ohmic  voltage  (v) 

behaviour,  followed  by  evidence  of  trap-filling  p^g  j  j.y  plots  for  Samples  grown  at  200. 
and  space  charge  limited  conduction[10].  No  250.  30o“c  and  Si-Substrate 

catastrophic  breakdown  was  observed  up  to 
llOV  for  an  electrode  separation  of  L=20pm. 

The  electrical  field  (=Vx/L)  corresponding  p-- - ^ ^ - 

to  the  sudden  increase  of  current  was  typically  10“®  as-grown,  25o°c 
<10kV/cm,  in  agreement  with  the  results  w^ioo/xm 

obtained  by  other  authors[l  1,12].  The  low  ^^-4 
value  of  Ex,  for  SI-GaAs  has  previously  been 
explained  by  surface  breakdown[l  1,12]  ^  Iq-^ 

However,  the  LT-GaAs  layers  initially  showed  ^ 

Ohmic  behaviour  followed  by  a  catastrophic  S 

breakdown.  The  electrical  breakdown  field  ^ 

Ebd  was  found  to  increase  from  lOOkV/cm  to  ^  t(k) 

320kV/cm  as  the  growth  temperature  was  °  ^^22  •  400 

decreased  from  300°C  to  200°C,  approaching  ‘ 

the  value  of  the  bulk  GaAs  and  more  than  one  ^  fil  ♦  fJo 

order  of  magnitude  higher  than  that  of  the  SI-  ° 

GaAs  layer.  No  obvious  trap  filling  process  ^ 

was  observed  though  a  high  density  of  defects 
(>10^^cm"3)  was  known  to  exist  in  the  LT- 

_  A  rc-i  'T’l  u  u  1  J  T  Fig-2  1-V-T  characteristics  for  Sample  LT2.  The 

GaAs[5].  The  high  breakdown  voltage  breakdown  voltage  increases  on  cooling. 

demonstrates  the  possibility  for  novel 

passivation  of  the  devices  using  as-grown  LT-GaAs. 

Figure  2  shows  the  I-V-T  characteristics  of  Sample  LT2  grown  at  250°C.  The  response 
before  breakdown  is  linear  at  all  temperatures  and  in  addition,  the  breakdown  voltage  is  seen 


as-grown,  250°C 
L=5^m,  W=100/im 


210  ♦  180 
150 


1  10  100 
Bias  (V) 

Fig. 2  1-V-T  characteristics  for  Sample  LT2.  The 
breakdown  voltage  increases  on  cooling. 
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to  increase  from  55V  to  180V  as  the  temperature  was  decreased  from  422K  to  150K, 
contrary  to  the  l?ehaviour  of  conventional  avalanche  breakdown  in  semiconductor  junctions 
which  decreased  with  decreasing  measurement  temperature[13].  Similar  results  were 
obtained  from  Samples  LTl  and  LT3.  Figure  3  shows  the  dependence  of  the  normalised 
breakdown  voltage  (Vbd(T)A^bd(^OOK)  ^^e  measurement  temperature  for  Samples  LT2 
and  LT3,  demonstrating  that  the  breakdown  voltage  increases  with  decreasing  temperature. 

3.2  Annealing  effect  on  the  electrical  breakdown  properties 


Thermal  annealing  was  found  to  cause  a 
dramatic  change  in  the  electrical  properties  of 
the  LT-GaAs  layers.  Figure  4  shows  I-V 
characteristics  of  the  LT-GaAs  grown  at  250° 
C  with  annealing  temperature  as  a  variable. 
Low  bias  Ohmic  behaviour  remains 
unchanged,  and  the  high  breakdown  electric 
field  is  largely  preserved  after  annealing. 
However,  the  resistivity  increased  by  more 
than  three  orders  of  magnitude  with  increasing 
annealing  temperature.  After  annealing  at  high 
temperatures  T^>500°C,  samples  exhibited 
non-linear  characteristics  in  the  medium  bias 
region  as  marked  by  BC  and  the  breakdown 
characteristics  became  soft,  significantly 
different  from  the  as-grown  materials.  The 
resistivity  of  the  LT-GaAs  was  found  to 
increase  exponentially  with  increasing 
annealing  temperature,  in  the  form  of  pocexp(- 
2.1/kT;^)  with  an  activation  energy 
EA=2.1eV[9]. 

It  has  been  shown  that  the  increase  of  the 
resistivity  of  the  LT-GaAs  is  owing  to  the 
precipitation  of  the  excess  arsenic  as  As- 
clusters  and  the  formation  of  a  depletion 
region  surrounding  the  "metallic"  arsenic 
clusters[7,8].  Therefore,  the  activation 
energy  obtained  is  related  to  that  of  arsenic 
precipitation  during  annealing. 

Although  annealing  does  not  significantly 
affect  the  value  of  high  field  breakdown,  it 
changes  the  breakdown  characteristic 
significantly.  Figure  5  shows  I-V-T  plots  for 
Sample  LT2  which  has  been  annealed  at  600° 
C.  High  temperature  annealing  causes  three 


•  as-grown(300‘’C)  ^ 

°  7  Tg:250’C  +  600°C 

▼  Tgiaso'c+eso'c 

0.0  — ^ — - - - ■ — ^ — 

100  200  300  400  500 

Temperature  (K) 

Fig. 3  Dependence  of  normalized  breakdown  voltage  on 
temperature  for  as-grown  and  annealed  samples. 
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changes;  firstly,  at  low  temperatures,  I-V  bias  (v) 

plots  were  linear  with  a  gradient  of  n~l,  Flg.S  I-V  properties  of  sample  LT2  after  annealing 
demonstrating  the  dominance  of  Ohmic  at  various  temperature, 

conduction.  The  gradient  decreases  as  annealing  temperature  was  increased,  implying  that  the 
transport  is  no  longer  Ohmic  at  high  temperatures.  Secondly,  the  breakdown  was  abrupt  at 
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low  temperatures,  and  became  soft  at  higher 
temperatures.  Thirdly,  the  breakdown 
voltage  was  seen  to  decrease  with 
decreasing  measurement  temperature,  an 
opposite  change  to  that  of  as-grown  LT- 
GaAs  materials.  The  dependence  of 
breakdown  voltage  on  measurement 
temperature  has  been  investigated  for  all 
annealed  samples,  it  was  found  that  the 
dependence  of  Vgo  on  measurement 
temperature  for  samples  annealed  at 
Ta<500°C,  shows  a  behaviour  similar  to 
that  of  as-grown  samples.  After  annealing 
at  Ta>500°C,  the  breakdown  voltage  Vgo 
decreases  with  decreasing  measurement 
temperature.  The  dependence  of  the 
normalised  breakdown  voltage  on 
temperature  is  also  shown  in  Fig. 3  for 
comparison. 


10®  10*  10^ 

BIAS  (V) 

Fig. 5  I-V-T  characteristics  for  sample  LT2  after 
annealing  at  600  C.  decreases  on  cooling. 


3.3.  Transport  mechanism  of  the  LT-GaAs  _ _ _ 

The  current  at  a  fixed  bias  has  been  studied 

6  ^ 

at  various  measurement  temperatures.  The  10  -  y  T  v'^ 

Arrhenius  plots  for  Sample  LTl  shows  a 
straight  line  at  all  temperatures  with  an  ^ 

activation  energy  of  O.OTeV.  For  Samples  o  lO  : 

LT2  and  LT3,  the  Arrhenius  plots  show  two  B  Jv  ^ 

regions.  In  the  high  temperature  region  it  3 

gives  activation  energies  of  O.lTeV  to  ^  10^  ^  f  0° 

0.36eV  respectively,  but  shows  a  similar  V  J 

gradient  to  that  of  Sample  LTl  at  low  »  L*  ^0° 

temperature.  The  plots  of  the  resistivity  |  °  as-gro^vn 

against  T'^^^  revealed  straight  lines,  ■.  j  * 

indicating  the  dominance  of  the  hopping  J  t  eoo 

conduction  at  low  temperatures  for  sample  10^  r  • 

LTl  at  all  temperatures  and  for  Samples  LT2  - - ^ ^ - 

and  LT3  at  low  temperatures. 

Figure  6  shows  the  plot  of  resistivity  against  ^  1 

T‘1^^  for  Sample  LT2  with  annealing  Fig.  g  Dependence  of  the  resistivity  on  T 
temperature  as  a  variable.  The  plot  is  divided  foi'  Sample  lt2  with  as  a  variable, 

into  two  regions.  The  straight  lines  in  the  low  temperature  region  with  low  gradients 
demonstrate  the  dominance  of  hopping  conduction.  In  the  high  temperature  region  evidence 
of  a  thermally-activated  process  is  seen.  An  Arrhenius  plot  of  the  current  at  a  fixed  bias  at 
high  temperature  region  reveals  a  common  activation  energy  in  the  range  of  0.60~0.65eV  for 
samples  annealed  at  T^>500°C,  a  value  similar  to  the  barrier  height  obtained  by 
photoemission  measurement  from  GaAs;As  photodiodes[14].  From  Figs.4  and  5,  it  is  seen 
that  the  thermally-activated  process  is  accompanied  by  the  appearance  of  non-ohmic 
behaviour  and  soft  breakdown. 
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4.  Arsenic  cluster  model 

The  above  observed  properties  of  the  LT-GaAs 
can  be  explained  by  a  unified  As-cluster  model, 
provided  that  the  Asq^  anti-site  defects  in  as- 
grown  LT-GaAs  is  an  extreme  case  of  the  As- 
clusters.  Figure  7  graphically  shows  the  energy 
band  diagrams  for  as-grown  and  annealed  LT- 
GaAs.  In  the  case  of  as-grown  LT-GaAs,  the 
high  density  of  As-clusters  (anti-site  Asq^ 
defects)  cause  the  overlapping  of  defect  wave 
functions,  providing  an  effective  conductive 
path.  Thus  hopping  conduction  dominates  the 
transport.  Thermal  annealing  causes  the 
precipitation  of  the  excess  arsenic  as  As- 
clusters,  forming  As/GaAs  buried  Schottky 
barriers  with  overlapping  depletion  regions.  As 
the  precipitation  takes  place,  the  cluster  size 
increases  with  increasing  annealing 
temperature,  and  it  is  accompanied  by  a 
decrease  in  density  and  an  increase  in  the 
distance  between  the  clusters[7,8].  Subsequently,  the  hopping  conduction  decreases  and  the 
resistivity  of  the  LT-GaAs  increases.  The  resistivity  of  the  LT-GaAs  layer  is  therefore 
determined  by  the  hopping  conduction  between  As-clusters.  Based  on  this  hopping 
consideration,  we  have  calculated  the  As-cluster  density  from  the  resistivity  obtained[9].  The 
relationship  between  cluster  density  and  the  annealing  temperature  was  found  in  the  form  of 
=NToexp(-TA/To),  with  Nxo=3xl0l9cm-3  at  200°C,  in  agreement  with  that  obtained 
from  Infrared  absorption[5].  This  As-cluster  model  can  also  explain  the  increase  of  the 
resistivity  of  the  LT-GaAs  with  increasing  Tg  as  shown  in  Fig.l,  since  the  density  of  the 
incorporated  excess  arsenic  decreases  as  the  growth  temperature  was  increased. 

A  high  density  of  defects  and  hopping  conduction  is  believed  to  be  responsible  for  the  high 
breakdown  voltage  of  the  LT-GaAs  layer  and  the  temperature  dependence  of  the  breakdown 
behaviour.  Firstly,  a  higher  hopping  conductivity  minimises  the  accumulation  of  injected 
charge  and  Ohmic  behaviour  leads  to  a  linear  distribution  of  the  electrical  field,  preventing  the 
premature  breakdown  at  the  contact  edge  and  surface,  thus  a  high  breakdown  voltage  is 
obtained.  Secondly,  in  the  normal  case,  the  scattering  probability  of  free  carriers  decreases 
with  decreasing  temperature,  and  a  lower  field  is  required  to  cause  impact  ionisation,  so  that 
the  breakdown  voltage  decreases  on  cooling[13].  In  the  case  of  as-grown  LT-GaAs,  all 
carriers  are  effectively  captured  by  defects.  No  free  charge  can  contribute  to  the  impact 
ionisation.  The  hopping  conductivity  is  so  high  that  most  injected  charge  is  transported 
through  hopping.  Little  trapped  charge  can  be  released  from  the  defects  to  the  conduction 
band  by  thermionic-field  emission  (or  thermionic-emission),  especially  at  high  field,  and 
contributes  to  the  impact  ionisation.  As  the  temperature  decreases,  this  thermally-activated 
process  is  reduced,  thus  a  higher  field  is  necessary  and  the  breakdown  voltage  is  seen  to 
increase  on  cooling.  On  the  other  hand,  as  the  growth  temperature  is  increased,  the  hopping 
conduction  decreases  due  to  the  reduction  of  excess  arsenic.  The  conduction  contribution 
from  thermionic-field  emission  increases,  and  the  breakdown  voltage  decreases. 

After  annealing,  the  excess  of  arsenic  precipitates  as  As-clusters  and  the  distance  between 
clusters  increases.  The  hopping  probability  is  reduced,  and  the  conduction  attributed  to 


Fig.7  Energy  band  diagram  for  as-grown  and 
annealed  LT-GaAs  materials. 
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thermionic-field  emission  increases.  More  charge  is  emitted  from  the  defects  to  the 
conduction  band  and  contributes  to  the  conduction.  Thus  the  I-V  characteristic  is  no  longer 
Ohmic  in  behaviour  and  the  contribution  of  the  thermionic-field  emission  leads  to  a  softer 
breakdown.  In  this  case,  the  scattering  caused  by  free  charge  emitted  from  the  defects  is 
similar  to  that  of  conventional  impact  ionisation,  thus  the  breakdown  voltage  decreases  with 
decreasing  the  temperature. 

The  activation  energy  corresponding  to  the  high  temperature  region  of  Fig.6  was  found  to  be 
0.6~0.65eV,  a  value  similar  to  the  barrier  height  obtained  from  GaAsiAs  photodiodes[14]. 
This  provides  further  evidence  for  the  As-cluster  precipitation  model. 

5.  Summary 

The  effects  of  thermal  annealing  on  the  electrical  properties  of  LT-GaAs  grown  in  the 
temperature  range,  Tg  of  200~300°C  has  been  investigated.  The  study  has  revealed  the 
following  results: 

1) .  The  resistivity  of  the  LT-GaAs  layer  decreases  as  Tg  was  decreased  in  the  range,  Tg:200- 

300°C,  but  increases  exponentially  with  annealing  temperature,  T^,  giving  an  activation 
energy  of  2.1eV. 

2) .  The  corresponding  breakdown  voltage,  Vgo  decreased  with  increasing  Tg  and  also 

decreased  as  the  annealing  temperature  was  increased. 

3) .  The  breakdown  voltage  for  as-grown  LT-GaAs  was  found  to  increase  as  the  temperature 
was  decreased,  while  that  of  the  annealed  samples  decreased  on  cooling. 

4) .  The  transport  of  the  LT-GaAs  layer  is  dominated  by  hopping  conduction,  and  decreased 

with  increasing  T^.  Hopping  conduction  is  held  responsible  for  the  change  of  resistivity, 
the  high  Vg^,  and  the  increase  of  Vgo  on  cooling  for  as-grown  LT-GaAs. 
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Abstract.  We  investigate  the  effect  of  methane/hydrogen  (CH4/H2)  reactive  ion  etchmg 
(RIE)  and  a  subsequent  annealing  process  on  AlGaAs/GaAs  and  pseudomorphic 
AlGaAs/InGaAs/GaAs  heterostructures.  We  use  low  temperature  Hall,  Shubnikov-de  Haas, 
and  photoluminescence  measurements.  We  observe  that  the  electron  density  and  mobility  of 
the  two-dimensional  electron  gas  in  the  heterostructure  is  strongly  reduced  by  the  RIE 
process.  After  annealing  the  electron  density  fully  recovers  for  both  types  of  structures, 
whereas  the  electron  mobility  responds  differently.  While  for  the  pseudomorphic 
AlGaAs/InGaAs/GaAs  heterostructures  thermal  annealing  restores  the  electron  mobility 
completely,  for  the  AlGaAs/GaAs  heterostructures  the  electron  mobility  recovers  only  to  60% 
of  the  original  value.  This  indicates  that  in  the  AlGaAs/GaAs  heterostructures  the  structur^ 
damage  induced  by  reactive  ion  etching  is  not  fully  removed  by  thermal  annealing.  This  is 
confirmed  by  photoluminescence  measurements  at  low  temperatures. 


1.  Introduction 

It  is  well  known  that  CH4/H2  reactive  ion  etching  (RIE)  of  bulk  GaAs  and  AlGaAs, 
doped  with  silicon,  leads  to  a  deactivation  of  the  silicon  donors.  This  donor  deactivation 
is  associated  with  the  formation  of  an  As-Si-H  complex.  At  present,  there  is  a  basic 
understanding  of  the  processes  leading  to  a  deactivation  of  the  shallow  and  the  deep 
donors.  Also  the  recovery  by  annealing  processes  and  the  relation  with  the  donor  density 
and  the  A1  percentage  for  a  variety  of  doping  materials  is  basically  understood  [T8].  The 
damage  of  the  surface  of  bulk  material  has  been  studied  thoroughly  by  many 
investigators.  For  example,  Collot  et  al.  [6,7]  investigated  the  damage  by  carrying  out 
current-voltage  and  capacitance-voltage  measurements.  There  are  also  some  papers 
reporting  on  the  photoluminescence  (PL)  characteristics  after  passivation  and  annealing 

of  the  samples  [2,  9-12].  .  .  1  • 

RIE  is  successfully  applied  in  the  fabrication  of  two-dimensional  transistor 
structures.  For  example,  in  the  fabrication  of  modulation  doped  field-effect  transistors 
RTF,  is  applied  for  gate  recessing.  Accurate  control  of  the  etch  depth  and  its  uniformity 
across  the  wafer  is  needed.  CH4/H2RIE  has  proven  to  be  superior  to  the  commonly 
applied  chlorinated  gases.  Low  and  controllable  etch  rates,  good  uniformity,  and  smooth 
surfaces  have  been  obtained  by  this  process  [13-15]. 
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For  pseudomorphic  modulation  doped  field  effect  transistors,  Pereira  et  al. 
[13,16,17]  reported  that  the  donors,  which  had  been  partly  deactivated  by  the  RIE 
process  could  be  reactivated  by  an  annealing  procedure.  Also  the  influence  of  RIE  and 
subsequent  thermal  annealing  on  the  PL  spectra  was  studied.  These  experiments  strongly 
suggest  that  the  material  can  almost  fully  recover  from  the  RIE  process,  if  a  suitable 
annealing  procedure  is  applied  subsequently. 

In  this  paper  we  study  in  detail  the  influence  of  RIE  and  subsequent  thermal 
annealing  on  the  transport  and/or  optical  properties  of  modulation  doped 
AlGaAs/GaAs  and  pseudomorphic  AlGaAs/InGaAs/GaAs  heterostructures.  The 
electrical  properties  were  investigated  by  Hall  effect  and  Shubnikov-de  Haas  (SdH) 
measurements.  The  PL  and  SdH  measurements  were  carried  out  at  liquid  helium 
temperature,  whereas  the  Hall  measurements  were  performed  in  the  temperature  range 
of  4.2  K  -  300  K.  We  find  that  the  electron  density  of  the  two-dimensional  electron  gas 
(2DEG)  in  the  heterostructure  is  strongly  reduced  by  the  RIE  process.  Also  the  electron 
mobility  decreases  strongly.  After  annealing  the  electron  density  fully  recovers  for  both 
types  of  structures.  On  the  other  hand  with  respect  to  the  electron  mobility,  both  types 
of  structures  respond  differently.  While  for  pseudomorphic  AlGaAs/InGaAs/GaAs 
heterostructures  thermal  annealing  restores  the  electron  mobility  completely,  for 
AlGaAs/GaAs  heterostructures  the  electron  mobility  recovers  only  to  60%  of  the 
original  value.  This  indicates  that  in  the  AlGaAs/GaAs  heterostructures  the  structural 
damage  induced  by  RIE  is  not  fully  removed  by  thermal  annealing. 


2.  Experimental  details 

Pseudomorphic  AlGaAs/InGaAs/GaAs  modulation  doped  heterostructures  were  grown 
by  molecular  beam  epitaxy  on  a  semi-insulating  GaAs  substrate.  Starting  from  the 
substrate,  a  GaAs  buffer  layer,  a  13  nm  undoped  In^  i5Gao  85As  channel,  a  5  nm  undoped 
Alo.25Gao  75As  spacer  layer,  a  5*10^^  cm*^  Si  delta-doped  layer,  a  30  nm  Alo.25Gao.75As:Si 
(5*10^^  cm'^)  layer,  and  a  40  nm  highly  doped  GaAs:Si  contact  layer  were  grown.  Also 
the  AlGaAs/GaAs  heterostructures  were  grown  on  a  semi-insulating  GaAs  substrate. 
The  layer  structure  consists  of  a  4  pm  GaAs  buffer  layer,  a  30  nm  undoped 
Alo.33Gao.67As  spacer  layer,  a  38  nm  Alo.33Gao.67As:Si  (1.3*10^®  cm'^)  layer,  and  a  17  nm 
undoped  GaAs  cap  layer.  The  same  layer  structure  was  grown  with  a  5*10^^  cm  Si 
delta-doped  layer  incorporated  at  the  interface  of  the  spacer  layer  and  the  uniformly 
doped  Si  layer. 

Hall  bars  were  defined  by  photolithography.  After  mesa  isolation  by  wet  etching 
in  H3P04:H202:H20  (3:1:50),  standard  AuGeNi  ohmic  contacts  were  formed  by  thermal 
evaporation  and  subsequent  alloying.  PL  measurements  were  performed  on  unpatterned 
samples.  RIE  with  CH4/H2  was  carried  out  in  a  commercial  parallel  plate  Plasma 
Technology  PLASMALAB  pP  system,  operating  at  a  radio  frequency  of  13.56  MHz. 
The  following  conditions  were  used  for  etching:  15  %  CH4  in  H2,  a  rf  power  density  of 
0.33  W/cm^  a  cathode  self-bias  of  -300  V,  a  pressure  of  35  mTorr,  and  a  temperature 
of  25  °C.  With  these  conditions  an  etch  rate  of  10  nm/min  for  GaAs  was  obtained.  The 
AlGaAs/InGaAs/GaAs  structures  were  exposed  to  the  plasma  for  4  min.  For  the 
AlGaAs/GaAs  structures  the  exposure  time  was  1  min.  In  case  of  the 
AlGaAs/InGaAs/GaAs  structures  the  reference  sample  was  wet  etched  for  1  min  in  a 
H2S04:H202:H20  (1:8:1000)  solution  with  a  calibrated  etch  rate  of  40  nm/min.  By 
removing  the  highly  doped  cap  layer  it  was  ensured  that  the  etch  was  deep  enough  to 
avoid  any  second  conducting  path.  From  earlier  transport  measurements  on 
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AlGaAs/GaAs  heterostructures  we  know  that  wet  etching  of  the  undoped  cap  layer  has 
no  effect  on  the  electron  density  and  electron  mobility  of  the  2DEG.  For  the 
AlGaAs/GaAs  heterostructures,  the  fact  that  the  thickness  of  the  cap  layers  of  the 
reference  sample  and  the  passivated  and  annealed  samples  are  different,  has  no 
influence  on  the  recovery  of  the  electron  density  and  electron  mobility,  because  RIE 
only  affects  the  silicon  donors  in  the  doped  AlGaAs  layer.  Thermal  annealing  was 
carried  out  for  30  sec  between  250  and  550  *^0  using  a  halogen  rapid  thermal  annealing 
system  in  a  forming  gas  (90  %  N2,  10  %  H,)  ambient.  This  treatment  was  applied  to  the 
samples  used  for  the  electrical  and  the  PL  measurements. 


3.  Results  and  Discussion. 


3.1  AlGoAs/InGaAs/GaAs  samples 

In  order  to  study  how  the  transport  properties  of  the  AlGaAs/InGaAs/GaAs 
heterostructures  are  affected  by  plasma  etching  of  the  highly  doped  cap  layer,  followed 
by  an  annealing  step,  we  performed  SdH-measurements  at  liquid  helium  temperature 
and  Hall-measurements  in  the  temperature  range  4.2  K  -  300  K.  SdH  measurements  at 

4.2  K  of  the  wet  etched  reference  sample  (a),  as  etched  sample  (b),  and  the  samples 

annealed  at  a  temperature  of  350  (c),  and  450  ,  with  an  electron  density  of  1.70, 

0.35,  1.04,  and  1.57*10^^  m'^  respectively,  are  shown  in  Fig.  1.  From  the  SdH  data  it  is 
clear  that  for  all  samples  only  one  subband  is  occupied,  even  for  the  reference  sample 
with  the  highest  sheet  carrier  density  and  mobility,  because  there  is  no  indication  of  a 
second  oscillation  period.  This  is  in  agreement  with  the  results  of  van  der  Burgt  et  al 
[18]. 


magnetic  field  (X) 


1.300  1.325  1.350  1.375  1.400  1.425 


energy  (eV^ 


Fig.l  SdH  signal  of  sample  H2735  at  4.2  K.  Fig.2 


PL  spectra  of  sample  H2735. 

The  arrow  indicates  the  energy  of 
the  Fermi-level. 
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In  contrast  to  the  PL  data  (Fig.2),  where  we  clearly  observe  two  subbands  in 
accordance  with  the  self-consistent  calculations  we  have  done,  the  occupation  of  the 
second  subband  obviously  is  too  small  to  give  a  second  oscillation  in  the  SdH-signal.  The 
measured  sheet  carrier  density  and  the  Hall  mobility  for  the  samples  as  a  function  o 
temperature  at  different  annealing  temperatures  are  presented  in  Fig.  3.  From  the  data 
it  is  clear  that  after  the  RIE  process  the  sheet  carrier  density  and  the  mobility  of  the 
2DEG  is  decreased.  With  increasing  annealing  temperature,  the  electron  density  and 
mobility  increase  again.  Within  the  experimental  accuracy  at  an  annealing  temperature 
of  400  ®C,  there  is  a  total  recovery  of  the  photoluminescence  energy,  the  electron 
density,  and  the  Hall  mobility. 

iiie  low  temperature  PL  spectra  for  the  reference  sample,  the  passivated  sample, 
and  the  samples  annealed  at  different  temperatures  are  presented  in  Fig.  2.  For  the 
wet-etched  reference  sample  two  peaks  are  clearly  observed  at  energies  1.338  and 
eV  The  lower  energy  peak  is  interpreted  as  emission  from  the  n=l  electron  subband 
to  the  n  =  l  heavy  hole  subband  (le-lhh),  while  the  higher  energy  peak  is  ascribed  to 
the  transition  from  the  n=2  electron  subband  to  the  n  =  1  heavy  hole  subband  (2e-lhh). 
Note,  that  in  symmetric  quantum  wells  this  last  transition  is  forbidden! 

After  plasma  exposure  the  2e-lhh  peak  disappears  and  only  the  transition  from  the  n- 
electron  subband  to  the  n=l  heavy  hole  subband  is  present.  The  shift  of  the 
luminescence  peak  to  higher  energies  is  due  to  a  shift  of  the  subband  structure  induced 
by  electric  fields.  The  high  energy  shoulder  is  associated  with  transitions  from  the  Fermi 
level,  in  agreement  with  Colvard  et  al.  [19]. 


temperature  [K]  temperature  lIC) 


Fig.3  The  electron  density  and  the  Hall-mobility  for  the  Al<,^Gao  75As/Ino  isGao^As/GaAs 

sample  H2735  (a,b)  and  the  AlGaAs/GaAs  sample  W24  (c,d)  as  a  function  of  temperature 
for  the  reference  sample  (-i-),as  etched  sample  (A),  and  samples  annealed  at  temperatures 
of  250  '’C  (o),  350  °C  (^),  400  '’C  (7),  450  (n)  and  500  °C  (■),  respectively. 
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We  explain  the  increase  of  the  PL  intensity  for  as  etched  samples  as  follows. 
Hydrogenation  of  GaAs  and  AlGaAs  leads  to  passivation  of  nonradiative  centers  as  well 
as  shallow  and  deep  levels.  According  to  Mostefaoui  et  al.  [5],  the  neutralization 
efficiency  of  shallow  donors  and  DX  centers  by  hydrogenation  in  AlGaAs  depends  on 
the  aluminum  fraction.  For  x= 0.25  the  deep  donors  are  more  effectively  passivated  than 
the  shallow  donors.  As  a  result  of  the  passivation  of  the  nonradiative  centers  in  AlGaAs 
a  strong  enhancement  of  the  luminescence  occurs,  as  explained  by  Pavesi  et  al.  [9].  They 
concluded  that  the  carrier  lifetime  and  diffusion  length  is  increased.  Thus,  in  case  of  the 
multilayer  structure,  a  large  number  of  photoexcited  carriers  recombine  in  the  two- 
dimensional  channel. 

On  the  other  hand  the  diffusion  of  hydrogen  induced  by  the  dry  etching  process 
affects  the  electrical  properties  [6]  and  promotes  the  generation  of  new  efficient 
recombination  centers  [20].  The  competition  between  these  two  effects  is  responsible  for 
the  observed  luminescence  intensity  of  the  different  samples.  The  increase  of  the 
annealing  temperature  (Fig.  2)  shifts  the  luminescence  peak  to  its  original  energy.  The 
spectra  in  Fig.  2  show  that  there  is  a  total  recovery  in  the  energy  of  the  transitions 
between  350  and  400  ®C. 


3.2  AlGaAs/GoAs  heterostructures 

For  the  AlGaAs/GaAs  structures  it  turns  out  that  plasma  etching  causes  a  greater 
damage  on  these  heterostructures  than  for  the  AlGaAs/InGaAs/GaAs  heterostructures. 
From  Hall  measurements  in  the  temperature  range  4.2  -  300  K,  presented  in  Fig.  3  for 
the  sample  W24,  we  conclude  that  the  sheet  carrier  density  is  totally  restored,  but  that 
the  Hall  mobility  remains  much  lower  for  the  annealed  samples  in  comparison  with  the 
reference  wet-etched  sample.  For  the  low  temperatures  measurements  at  4  K  there  are 
a  lot  of  problems  to  make  good  ohmic  contact,  because  for  the  passivated  and  for  the 
samples  annealed  at  low  temperatures  the  electron  density  in  the  2DEG  is  very  small. 
From  the  Hall  measurements  we  can  conclude  that  passivation  and  annealing  of  the 
AlGaAs/ GaAs  samples  induces  much  more  destructive  damage  to  the  samples  than  in 
the  case  for  the  pseudomorphic  AlGaAs/InGaAs/GaAs  heterostructures. 

The  difference  in  the  recovery  of  the  mobility  between  the  AlGaAs/InGaAs/GaAs 
and  the  AlGaAs/GaAs  heterostructures  can  tentatively  be  explained  as  follows.  The 
heavily  6-doped  layer  in  the  AlGaAs/InGaAs/GaAs  structures  shields  the  influence  of 
the  plasma  treatment.  Because  of  the  lower  mobility  of  the  AlGaAs/InGaAs/GaAs,  due 
to  alloy  cluster  scattering,  the  electron  scattering  induced  by  structural  damage  has  less 
influence  on  the  overall  mobility  for  pseudomorphic  structures  than  for  the 
AlGaAs/GaAs  heterostructures. 

As  a  first  attempt  we  performed  measurements  of  the  sheet  carrier  density  and  the 
Hall  mobility  of  the  AlGaAs/GaAs  heterostructure  with  a  Si  delta-doped  layer 
incorporated  in  the  heterostructure.  As  preliminary  result  there  is  a  pronounced 
enhancement  of  the  recovery  of  the  Hall  mobility  in  the  2DEG  from  60  to  75  %.  It 
seems  that  such  a  layer  prevents  further  introduction  of  damage  into  the  semiconductor 
material.  This  conclusion  is  in  good  agreement  with  the  results  of  Agarwala  et  al.  [21], 
using  SiCl4/SiF4  plasma  on  delta-doped  GaAs/ AlGaAs  MODFET  structures. 
However  one  should  be  careful  about  incorporating  a  Si  delta-doped  layer  in  the 
heterostructure  as  one  is  then  possibly  introducing  a  second  conducting  channel  in  the 
heterostructure. 
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4.  Conclusions 

RIE  affects  not  only  the  electron  density  but  also  the  electron  mobility.  Both  are 
restored  in  the  case  of  the  AlGaAs/InGaAs/GaAs  heterostructures,  while  in  the 
AlGciAs/GaAs  heterostructures  the  mobility  does  not  fully  recover,  indicating  that  some 
structural  damage  induced  by  the  RIE  process  is  not  removed  by  thermal  annealing. 
To  explain  the  different  effects  in  the  recovery  of  the  mobility  between  the 
AlGaAs/InGaAs/GaAs  and  the  AlGaAs/GaAs  heterostructures,  we  suggest  that  the 
heavily  doped,  6-doped  layer  in  the  AlGaAs/InGaAs/GaAs  structures  shields  the 
influence  of  the  plasma  treatment  as  follows  from  the  measurements  of  the 
AlGaAs/GaAs  heterostructure  with  a  Si-delta  doped  layer  incorporated.  Moreover  the 
scattering  induced  by  structural  damage  has  more  influence  on  the  overall  mobility  for 
the  AlGaAs/GaAs  heterostructures,  because  of  the  higher  overall  mobility  of  the 
AlGaAs/GaAs  heterostructures. 
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Abstract:  We  have  investigated  the  structural  and  magnetotransport  properties  of 
modulation-doped  Ino.52Alo.48As/Ino  53Gao  47As/Ino  52Alo.48As  heterostructures  grown 
by  molecular  beam  epitaxy  on  GaAs  (001)  by  means  of  linearly-graded  Alo.48(InzGai, 
z)o.52As  buffer  layers.  Studies  by  double-crystal  x-ray  diffraction  and  transmission  electron 
microscopy  indicate  that  the  linearly-graded  buffer  is  ~  90%  strain-relaxed  in  both  <1 10>  in¬ 
plane  directions  with  an  epilayer  tilt  of  0.5°  about  the  [ilO  ]  axis,  and  threading  dislocation  or 
stacking  fault  defect  density  approximately  lO^/cm^.  The  peak  1.6K  apparent  electron 
mobility,  determined  from  Hall  measurements  in  the  [ilO]  direction,  1.1  x  lO^cm^/V-s,  is 
comparable  to  the  highest  low-temperature  mobility  reported  for  a  similar  heterojunction 
grown  on  InP  [7]  ,  and  is  consistent  with  the  theoretical  alloy-scattering  limited  mobility  for 
such  heterojunctions  [8], [9].  Analysis  of  1.6K  Shubnikov  de  Haas  oscillatory 
magnetoresistance  measurements  indicates  two-subband  occupation  of  the  two-dimensional 
electron  gas. 


1.  Introduction 

InxGai-xAs  alloys  grown  on  GaAs  substrates  may  be  employed  as  quantum  wells 
for  the  confinement  of  a  two-dimensional  electron  gas  (2DEG)  [1].  Modulation-doped 
InGaAs/InAIAs  heterostructures,  provide  considerable  advantages  in  comparison  to 
GaAs/AlGaAs  heterostructures  [2],  due  to  their  higher  electron  mobilities,  higher 
conduction  band  offsets,  and  reduced  deep-level  trapping  in  InAlAs  barrier  layers  [3].  The 
Ino.53Gao.47As/Ino.52Alo.48As  heterojunction  can  be  grown  lattice  matched  to  InP.  In 
order  to  overcome  the  lattice  mismatch  of  this  heterojunction  relative  to  GaAs,  it  is 
necessary  to  interpose  a  compositional  I y  graded  buffer  layer  between  the  substrate  and 
heterojunction.  Ideally,  the  buffer  layer  is  fully  strain-relaxed,  prevents  dislocations  from 
propagating  into  the  heterojunction,  and  provides  an  optimum  confinement  of  charge 
carriers  [4], [5].  These  requirements  can  be  met  with  a  buffer  which  is  linearly-graded  from 
Gao.52Alo.48As  to  Ino.52Alo.48As  at  50  atomic  %  indium  per  pim.  In  this  paper,  we 
present  structural  and  charge  transport  properties  of  modulation  doped  heterostructures 
grown  on  GaAs  substrates  by  means  of  Alo.48(InzGai.z)o.52As  buffer  layers,  and  compare 
these  to  simple  modelling  schemes. 
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50  A  Ino.53Gao.47As  (ri*'-doped) 

_ (N<)=2xl(>“cmb - 


300  A  52A\).4g^s  (n-doped) 
(Nd=1.0xl0^^ciir3) 


100  A  Ino.52Alo.48As  (undoped) 


250  A  (undoped) 


25(X)  A  Ii^  ^^Al^  ^„As  (undoped) 


0.48 


2.  Experimental  Procedures 

The  samples  were  grown  by  solid-source 
molecular  beam  epitaxy,  with  AS4  beam  equivalent 
pressure  1  x  lO’^  ton*  and  growth  rates  1  ;<m/hr. 

The  substrate  temperature  was  determined  in-situ 
using  an  optical  pyrometer  and  maintained  at  350°C 
throughout  the  growth.  The  targeted  sample 
structure  is  shown  in  figure  1.  Samples  were 
characterized  with  transmission  electron  microscopy 
(TEM),  x-ray  rocking  curves  (XRC),  low-field  Hall, 
and  high-field  Shubnikov  de  Haas  (SdH)  oscillatory 
magnetoresistance  measurements.  A  Philips  CM30 
operating  at  300keV  was  used  for  TEM.  XRC  were 
measured  with  a  double  crystal  x-ray  diffractometer 
using  CuKai  radiation  monochromated  by  four  Ge 
(220)  crystals.  Low-field  Hall  measurements  were 
performed  at  300  and  1.6K  with  6-arm  Hall  bars  (200  x  800  /<m)  aligned  along  both 
<110>  in-plane  directions.  1.6K  SdH  oscillatory  magnetoresistance  data  was  taken  as  a 
function  of  magnetic  field  from  0  to  8  T.  Subband  occupation  of  the  2DEG  was  determined 
from  a  fast  Fourier  transform  (FFT)  power  spectrum  of  the  SdH  oscillations  in  reciprocal 
magnetic  field.  The  subband  electron  concentrations  and  energy  levels  were  compared  with 
a  Schrodinger-Poisson  simulation  based  on  the  Joyce-Dixon  approximation. 


\}Am 

linearly-graded 

A1  (In  Ga,  )„^.,As 
0.48  ^  0.52 


SI  GaAs  substrate 


Fig.  1  Schematic  of  sample  structure 


3.  Results  and  Discussion 


Figure  2  (a)  and  (b)  show  cross-sectional  and  plan-view  bright-field  TEM  images 
taken  with  a  g=220  two-beam  condition.  In  figure  2(a),  the  [1 10]  cross-sectional  image 
shows  many  misfit  dislocations  in  the  linearly-graded  buffer  which  have  relaxed  most  of 
the  strain,  with  few  dislocations  threading  into  the  active  layers.  In  figure  2(b),  the  plan- 
view  image  shows  a  relatively  low  threading  dislocation  density,  <  10^  cm'^.  There  do  not 
appear  to  be  any  <1 10>  oriented  misfit  dislocations  in  the  vicinity  of  the  2DEG. 


Fig.  2  (a)  Cross-sectional  transmission  electron  micrograph,  taken  at  g=220,  tilted  from  [110],  showing 
misfit  dislocations  in  the  linearly-graded  buffer  layer  which  have  relaxed  most  of  the  strain  and  (b)  Plan- 
view  transmission  electron  micrograph,  taken  at  g=220,  showing  an  orthogonal  network  of  <1 10>  misfit 
dislocations  confined  in  the  linearly-graded  buffer. 
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The  epilayer  tilt,  alloy 
composition,  and  strain 
relaxation,  were  obtained 
through  the  measurement  and 
analysis  of  (004)  and  (224)  x- 
ray  rocking  curves  [6]. 
Figure  3  displays  the  data 
obtained  for  the  (004) 
reflections  at  eight  azimuthal 
angles  ranging  from  a)=0  to 
270°.  The  azimuthal  angle, 
o),  is  defined  as  a  clockwise 


rotation  around  the  [001]  -3  -2.5  -2  -1-5  -1  -0.5  0  0.5  1 

growth  axis,  where  (0=0  ^  agrees) 

corresponds  to  the  incident  Fig-  3  (004)  x-ray  rocking  curves  shown  for  eight  azimuthal  angles  in 
and  diffracted  x-ray  beams  increments  from  (o=0  to  270°. 

parallel  to  the  [110]  direction.  The  variation  of  the  epilayer-substrate  peak  separation  with 
azimuthal  angle  co  follows  a  sinusoidal  function,  whose  amplitude  and  phase  indicate  an 
epilayer  tilt  of  0.5°  about  the  [110]  axis.  Furthermore,  the  InyAIj.yAs  buffer,  nominally 
y=0.53  ±  0.05,  has  relaxed  90  ±  10  %  in  both  <110>  directions,  and  the  active  layers  are 
lattice-matched  to  the  buffer  layer,  to  within  the  resolution  of  our  present  measurements. 

The  apparent  electron 

.  ..  r  T  j  Table  I:  Apparent  electron  concentrations,  [n]H,  and  apparent  electron 

concentrations,  [n]H,  and  ^  j  ,  .rtr  •  u  j- 

.  mobilities,  ]4}{,  at  300K  and  1.6K  in  both  <110>  directions, 

apparent  electron  mobilities,  determined  from  low-field  Hall  and  resistivity  measurements  taken  with 
determined  from  low-  a  DC  current  of  10  M-  The  300K  and  1.6K  data  were  taken  in 
field  Hall  and  resistivity  niagneticfieldsof0.1Tand0.15T,repectively.  The  difference  in  error 
measurements  are  sum-  bars  reflect  the  differences  in  experimental  uncertainty  in  the  different 
,  .  r..  ,  ,  T  .  apparatus, 

manzed  in  Table  I.  At  room 

temperature,  the  electron  mo-  Transport  WhOOOK)  ;-h(300K)  [„]h(1.6K)  to(1.6K) 

bility  IS  limited  principally  by 

polar  optical  phonon  scatter-  direction  (10^^  cm-^)  (lO^cm^/V-s)  (10^^-^)  (lO^cm^/V-s) 
ing,  and  the  anisotropy  is 

insignificant  in  comparison  to  [HO]  1-2  ±  o.l  1.2  ±  O.l  1.08  ±  0.01  7.47  ±  0.01 
experimental  error.  At  1.6K,  . 

,,  .  1-  [110]  1.2  ±0.1  13  +  0.1  1.05  +  0.01  11.0  +  0.01 

the  pnmary  mobility-limiting  ^  ^ 

scattering  mechanisms  are  .  .  — 


concentrations, 


Transport  [n]H  (300K)  ;ih(300K)  [n]H(1.6K)  ;(h(1.6K) 


lO^cm^/V-s)  CloHcm‘2 )  (lO^cm^/V-s) 


1.2  ±  0.1 


7.47  ±  0.01 


1.2  ±  0.1 


1.05  +  0.01 


remote  ionized  impurity  and  alloy  disorder  scattering.  The  highest  electron  mobility  is 
equal,  to  within  experimental  error,  the  highest  low  temperature  electron  mobility  for  a 
similar  heterojunction  grown  on  (001)  InP  [7],  and  is  comparable  to  the  theoretical  alloy¬ 
scattering  limited  mobility  for  such  heterojunctions  [8], [9].  The  mobility  anisotropy  is 
20%.  Assuming  that  the  high  mobility  direction,  [110],  is  limited  by  alloy  scattering, 
then  the  low  mobility  direction,  [110],  is  likely  to  be  limited  by  alloy  scattering,  and  an 
additional  defect-related  scattering  process.  Electron  mobility  asymmetries  in  2DEGs  have 
been  attributed  to  electron  scattering  from  asymmetric  distributions  of  misfit  dislocations 
[10], [1 1].  However,  our  TEM  images  do  not  indicate  the  presence  of  misfit  dislocations  in 
the  vicinity  of  the  2DEG.  Threading  dislocations  and  stacking  faults  are  observed  but  their 
distribution  appears  to  be  orientation  independent. 
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Anisotropic  properties  of  GaAs  field-effect  transistors  have  been  attributed  to 
electron  scattering  due  to  the  piezoelectric  effect  [12].  The  zincblende  lattice  has  one 
piezoelectric  coupling  constant  which  couples  to  shear  stresses  [13].  Since  the  strain 
relaxation  is  nearly  symmetric,  the  in-plane  stresses  are  essentially  isotropic,  and  the  in¬ 
plane  shear  stress  is  negligible.  However,  the  epilayers  have  tilted  by  0.5  with  respect  to 
the  substrate,  about  the  [110]  axis.  Resolving  the  epilayer  stress  tensor  into  the  substrate 
coordinate  system  demonstrates  that  there  are  shear  stresses  in  the  epilayers,  which  may 
contribute  to  the  electron  mobility  asymmetry  through  the  piezoelectric  effect. 

In  addition,  a  2DEG  is  highly  degenerate  and  interfacial  contributions  to  its  mobility 
are  expected  to  be  significant.  Interface  roughness  has  been  suggested  as  the  origin  of 
anisotropic  electron  mobilities  observed  in  AlGaAs/GaAs  2DEGs  [14].  The  roughness  is 
postulated  to  originate  from  [110]  elongated  islands  which  evolve  during  MBE  growth. 
This  roughness  would  only  affect  electrons  travelling  perpendicular  to  the  islands. 
Elongated  islands  have  been  observed  by  scanning  tunneling  microscopy  (STM)  under 
certain  growth  conditions  [15],  but  disappear  at  higher  substrate  temperatures  typically 
used  for  the  growth  of  AlGaAs/GaAs  2DEGs.  Earlier  STM  studies  have  indicated  a 
preference  for  the  step-edge  alignment  along  the  [110]  direction  during  MBE  growth  of 
GaAs  (001)  [16].  This  step-edge  alignment  corresponds  with  the  alignment  of  As-dimers 
for  the  typical  2x4  GaAs  (001)  surface  reconstruction,  and  may  contribute  to  anisotropic 
atomic-scale  roughness. 

The  two-dimensional 
nature  of  the  electron  gas  was 
confirmed  from  1.6K  high- 
field  SdH  measurements, 
which  indicate  oscillations  of 
the  resistivity,  pxx> 
quantum  Hall  plateaus  in  the 
transverse  resistivity,  pxy. 

Data  are  shown  in  figure  4  (a) 
and  (b),  for  the  [110]  and 
[ilO]  directions,  respective¬ 
ly.  The  slight  beating  of  the 
Pxx  oscillations  is  indicative 
of  the  occupancy  of  a  second 
subband  of  the  2DEG.  The 
electron  concentrations  in 
each  subband,  [n]i,  which 
were  determined  from  the 
EFT  power  spectrum  of  the 
pxx  oscillations  in  reciprocal 
magnetic  field,  are  sum¬ 
marized  in  Table  II. 

Charge-carrier  con¬ 
finement  in  the  2DEG  was 
confirmed  through  a  com-  4  Magnetic  field  dependence  of  the  resistivity  tensor  components, 
parison  of  the  total  electron  p^xOnd  pxy,  atT=1.6K,  in  the  (a)  [110]  and  (b)  [ilO]  directions.  Tlie 
concentration, [n]t-[n]o+[n]  1,  insets  show  the  values  of  [n]  detennined  from  the  FFF  power  spectrum 
determined  from  SdH  Pxx  oscillations  vs.  reciprocal  magnetic  field,  which  indicate 

two-subband  occupancy  of  the  2DEG. 
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measurements,  and  the  apparent  electron  concentration,  [njn,  determmed  from  Hall 
measurements.  [n]t  is  greater  than  [n]H  by  7  and  2%  in  the  [110]  and  [110]  directions, 
respectively.  The  slight  increase  in  [n]t  relative  to  [n]H  iriay  be  due  to  the  difference  in 
electron  mobilities  of  the  subbands. 

Table  11:  Summary  of  1.6K  transport  parameters  in  both  <1 10>  directions.  Electron  concentrations,  [n], 
were  determined  from  the  FFT  power  spectnim  of  SdH  oscillations.  A  classical  model  for  two  subband 
conduction  was  used  to  calculate  the  electron  mobility,  pi,  and  corresponding  classical  relaxation  time, 
Tc=/rm*/e,  where  m*  is  the  electron  effective  mass  at  the  Fermi  level,  which  was  corrected  for  conduction 
band  non-parabolicity  [19],[20],  and  e  is  the  electron  charge.  The  quantum  relaxation  time,  Xq,  was 
determined  following  Coleridge  [22]. 


subband 

[n] 

(IQH  cm'^) 

h 

(lO^cm^/V-s) 

m*/mo 

'Cc 

(10*1^  sec) 

(10-13  sec) 

Tc/Xq 

[110] 

Eo 

El 

7.3  ±  0.1 

4.0  ±  0.1 

8.4  ±  0.1 

4.4  ±  0.1 

0.048 

0.046 

2.3  ±  0.1 

1.1  ±  0.1 

1.5  ±  0.1 

1.2  ±  0.1 

15  ±  0.1 

9  ±0.1 

[ilO] 

Eo 

El 

7.3  ±  0.1 

3.7  ±  0.1 

11.8±  0.1 

9.8  ±  0.1 

0.048 

0.046 

3.2  ±  0.1 

2.3  ±  0.1 

1.6  ±  0.1 

1.2  ±  0.1 

20  ±0.1 

19  ±0.1 

based  on  the  >  0.4 


-0.2 


Subband  occupancy  and  en¬ 
ergy  level  separation  were  determined 
theoretically  from  a  Schrodinger- 
Poisson  simulation 
Joyce-Dixon  approximation  for  the 
degeneracy  of  the  electron  gas. 

Assuming  the  targeted  structure 
shown  in  figure  1,  with  a  supply- 
layer  donor  concentration,  Nd=1.25  x 
cm“3,  we  obtained  two-subband 
occupation  with  a  total  electron  -a 
concentration  [n]=l.ll  x  10^^  cm'^, 
which  is  within  2%  of  the  values  of 
[n]t  determined  by  SdH  measure¬ 
ments  for  both  <110>  directions. 

However,  the  theoretical  subband 
energy  level  separation  is 
approximately  50%  larger  than  that 
determined  from  SdH  measurements. 

A  classical  model  for  two  subband  conduction  [17]  was  used  to  calculate  the 
electron  mobility,  jAi,  in  each  subband,  and  the  corresponding  classical  electron  relaxation 
time  Tci=//im*/e,  where  m*  is  the  electron  effective  mass  at  the  Fermi  level  corrected  for 
conduction  band  non-parabolicity  [18], [19],  and  e  is  the  electron  charge.  A  digital 
bandpass  filter  was  then  used  to  extract  and  separate  the  low-field  oscillatory  components 
of  the  magnetoresistance  corresponding  to  each  subband  [20], [21], [22].  The  quantum 
scattering  time,  Xq,  was  determined  from  an  analysis  of  the  extrema  of  the  filtered  SdH 
magnetoresistance  oscillations  [21].  These  quantities  are  also  summarized  in  Table  II. 


200  400  600  800 

Distance  from  the  surface,  (A) 


1000 


Fig.  5  Schrodinger-Poisson  simulation  of  the  heterojunction 
shown  in  figure  1,  with  the  Fermi  level  set  at  zero  energy. 
Eq  and  Ej  correspond  to  the  first  and  second  subbands. 
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For  both  subbands,  the  classical  scattering  times  are  larger  in  the  [1 10]  than  the 
[1 10]  direction.  However,  the  quantum  scattering  times  are  identical  to  within  experimental 
error  for  each  subband  in  both  <1 10>  directions.  The  ratio  of  the  scattering  times  gives  us 
further  insight  into  the  electron  scattering  processes  [23].  When  Xc/Xq  =1,  large  angle 
scattering  is  the  most  dominant  mechanism.  As  the  ratio  increases  from  1,  small-angle 
scattering  processes  become  more  dominant.  Since  Xc/Xq  is  the  smallest  in  the  [110] 
direction,  we  expect  that  large  angle  scattering  has  a  greater  effect  on  electron  transport  in 
the  [1 10]  than  the  [  1 10]  direction.  Furthermore,  in  the  [1 10]  direction,  Xco/Xqo  > 
indicating  that  large  angle  scattering  is  most  significant  in  the  second  subband. 

4.  Conclusions 

We  have  studied  the  structural  and  charge  transport  properties  of  modulation-doped 
Ino  52 Alo.48As/Ino.53 Gao.47 As/1  no.52Al 0.48^5  grown  on  GaAs  substrates  by  means  of 
linearly  graded  Alo.48(InzGai.z)o.52As  buffer  layers.  The  buffer  layer  is  essentially  strain- 
relaxed  with  a  low  density  (-lO'^cm  ^)  of  defects  propagating  into  the  heterojunction.  The 
1.6K  apparent  electron  mobility  in  the  [110]  direction  is  comparable  to  the  highest  low 
temperature  electron  mobility  reported  for  a  similar  heterojunction  grown  on  (001)  InP  [7] 
and  is  consistent  with  the  theoretical  alloy-scattering  limited  mobility  for  such  hetero¬ 
junctions  [8], [9].  We  suggest  the  electron  mobility  in  the  [110]  direction  is  limited  by  an 
additional  defect-related  scattering  process,  which  is  dominated  by  large-angle  scattering. 

References 

[1]  Kastalsky  A,  Dingle  R,  Cheng  K  Y,  and  Cho  A  Y  1982  Appl.  Phys.  Lett  41  274. 

[2]  Mishra  U  K,  Brown  A  S,  and  Jensen  J  F  1989  Inst.  Phys.  Conf.  Ser.  106  605. 

[3]  Itoh  T,  Griem  T,  Wicks  G  W,  and  Eastman  L  F  1985  Electr.  Lett.  21  373. 

[4]  Inoue  K,  Harmand  J  C,  and  Matsuno  T  1991  7.  Cryst.  Growth  111  313. 

[5]  Mishima  T,  Tanimoto  T,  Kudoh  M,  and  Takahama  M  1993  J.  Cryst.  Growth  127  770. 

[6]  K.M.  Matney,  G.G.  Chu,  M.S.  Goorsky,  R.S.  Goldman,  and  K.L.  Kavanagh,  unpublished. 

[7]  Onabe  K,  Tashiro  Y,  and  Ide  Y  1986  Surface  Science  174  401. 

[8]  Walukiewicz  W,  Ruda  H  E,  Lagowski  J,  and  Gatos  H  C  1984  Phys.  Rev.  B  30  4571. 

[9]  Matsuoka  T,  Kobayashi  E,  Taniguchi  K,  Hamaguchi  C,  and  Sasa  S  Jap.  J.  Appl.  Phys.  29  2017. 

[10]  Schweizer  T,  Kohler  K,  and  Ganser  P  1991  Semicond.  Sci.  Technol.  6  356. 

[1 1]  Chen  J,  Fernandez  J  M,  and  Wieder  H  H  1992,  Mater.  Res.  Symp.  Proc.  263  377. 

[12]  Asbeck  P  M,  Lee  C  P,  and  Chang  M  C  F  1984  IEEE  Trans.  Electron  Devices  ED-31  1377. 

[13]  Nye  J  F  1979  Physical  Properties  of  Crystals  (OxfordiOxford  University  Press). 

[14]  Tokura  Y,  Saku  T,  Tarucha  S,  and  Horikoshi  Y  1992  Phys.  Rev.  B  46  15558. 

[15]  Orme  C,  Johnson  M  D,  Sudijono  J  L,  Leung  K  T,  and  Orr  B  G  Appl.  Phys.  Lett.  64  860. 

[16]  Pashley  M  D,  Haberem  K  W,  and  Gaines  J  M  1991  Appl.  Phys.  Lett  58  406. 

[17]  Ziman  J  M  1964  Principles  of  the  Theory  of  Solids  (Cambridge:  Cambridge  University  Press). 

[18]  Nicholas  R  J,  Portal  J  C,  Houlber  C,  Perrier  P,  and  Pearsall  T  P  1979  Appl.  Phys.  Lett.  34  492. 

[19]  Ando  T  1982  J.  Phys.  Soc.  Jpn.Sl  3893. 

[20]  Kaiser  J  F  and  Reed  W  A  1978  Rev.  Sci.  Instrum.  49  1 103. 

[21]  Coleridge  P  T,  Stoner  R,  and  Fletcher  R  1989  Phys.  Rev.  B39  1 120. 

[22]  Fernandez  J  M  and  Wieder  H  H  1992  Inst.  Phys.  Conf  Ser.  120  639. 

[23]  Harrang  J  P,  Higgins  R  J,  Goodall  R  K,  Jay  P  R,  Laviron  M,  and  Delescluse  P  1985  Phys.  Rev.  B 

32  8126. 


Inst.  Phys.  Conf.  Ser.  No  141:  Chapter  3 

Paper  presented  at  Int.  Symp.  Compound  Semicond.,  San  Diego,  18-22  September  1994 
©  7995  lOP  Publishing  Ltd 


319 


Si/SiGe  modulation  doped  structures  grown  by  gas 
source  molecular  beam  epitaxy 


A.  Malsumura  R.  S.  Prasad  T.  J.  Thornton 

J.  M.  Fernandez  *>),  M.  H.  Xie  >»),  X.  Zhang  •’>,  J.  Zhang  *>) 
and  B.  A.  Joyce 

a)  Dept,  of  Electrical  Engineering  and 

b)  Interdisciplinary  Research  Centre  for  Semiconductor  Materials 
Imperial  College,  London  SW7,  UK 

*  Permanent  address : 

Electronics  Research  Labs.,  Nippon  Steel  Corp., 

5-10-1  Fuchinobe,  Sagamihara-shi,  Kanagawa  229,  Japan 


Abstract.  We  have  grown  Si/SiGe  modulation  doped  quantum  wells  by  gas  source  molecular 
beam  epitaxy  using  arsenic  as  an  n-type  dopant.  The  layers  are  characterised  by  TEM  and  SIMS 
analysis,  and  magnetotransport  measurements.  The  SEMS  analysis  shows  an  arsenic 
concentration  in  excess  of  10^^  cm”^  along  with  strong  surface  segregation.  Pronounced 
Shubnikov-de  Haas  oscillations  were  observed  in  the  magnetotransport  measurements. 
Mobilities  in  the  two  dimensional  electron  gas  were  determined  to  be  around  15,000  cm^/Vs. 


1.  Introduction 

Si/SiGe  heterostructures  are  expected  to  have  widespread  commercial  applications  in  future 
high  speed  communication  systems  and  have  recently  been  investigated  for  use  in  both 
transport  and  optoelectronic  devices.  Modulation  doped  (MOD)  structures  are  of  particular 
interest  for  transport  device  applications  due  to  their  unique  high  speed/low  noise  properties. 
At  low  temperatures  these  structures  have  enhanced  mobility  because  of  the  reduction  in 
ionized  impurity  scattering  and  electron  mobilities  in  excess  of  100,000  cm^/Vs  have  already 
been  obtained[l-3]. 

Among  growth  methods  for  MOD  structures  molecular  beam  epitaxy  (MBE)  is 
expected  to  realize  high  quality  layer  structures.  Furthermore,  by  using  gas  sources,  relatively 
low  growth  temperatures  become  available  bringing  advantages  such  as  a  reduction  in  the  level 
of  impurities  coming  from  the  system  itself.  Although  MOD  Si/SiGe  heterostructures  have 
been  grown  by  a  variety  of  techniques  such  as  UHV-CVD[1]  and  solid  source  MBE[2,3],  the 
doping  source  used  for  n-channel  layers  has  been  exclusively  phosphorous  or  antimony.  In 
this  paper  we  shall  describe  the  growth  and  characterisation  of  n-channel  layers  using  gas 
source  molecular  beam  epitaxy  (GS-MBE)  with  arsenic  as  the  source  of  dopants. 


Fig.  1  A  cross  sectional  (TEM)  image  of  the  layer  structure. 


2,  Growth  of  Modulation  Doped  Structures 

In  our  GS-MBE  system  the  gas  sources  are  Si2H6  and  GeH4  for  the  SiGe  layers,  and  ASH3 
for  the  arsenic  doped  n-channel  supply  layers.  The  substrate  temperature  was  chosen  to  allow 
two  dimensional  growth  and  was  typically  in  the  range  550°C  -  700  C.  Typical  growth  rates 
were  0.1 -1.0  A/s.  To  obtain  near  dislocation  free,  totally  relaxed  SiGe  layers,  either  stepwise 
or  linearly  graded  SiGe  buffer  layers  with  Ge  concentrations  of  up  to  35%  were  grown  on  Si 
(100)  substrates  and  were  terminated  by  a  thick  SiGe  layer  of  30%  Ge.  The  total  thickness  of 
the  buffer  was  1.5  -  2.0  \im.  The  MOD  structures  were  grown  on  top  of  the  buffer  layers  and 
consisted  of  a  strained  Si  channel  layer,  a  SiGe  spacer  layer,  an  arsenic  doped  SiGe  supply 
layer  and  cap  layer.  Fig.  1  shows  a  transmission  electron  microscope  (TEM)  cross-sectional 
image  of  the  layer  structure.  The  majority  of  dislocations  are  confined  below  the  Si  channel 
indicating  the  effectiveness  of  our  stepwise  buffer  layers.  The  Si  channel  itself  is  clearly 
visible  and  has  sharp  interfaces.  A  similar  dislocation  behavior  was  also  observed  in  the  case 
of  the  linearly  graded  buffer  layers. 
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Fig.  2  Germanium  and  arsenic  concentration  in  a  modulation  doped  structure  measured  by  SIMS.  The  inset 
shows  an  expanded  figure  around  the  Si  channel. 
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Secondary  ion  mass  spectroscopy  (SIMS)  of  a  typical  MOD  layer  shows  the  variation 
of  Ge  concentration  in  the  stepwise  buffer  (see  Fig.  2).  The  inset  to  the  Figure  shows  the 
very  high  arsenic  concentration  in  excess  of  10^^  cm'^.  The  concentration  increases  towards 
the  surface  suggesting  strong  arsenic  segregation.  Hall  effect  measurements  of  a  uniformly 
doped  SiGe  layer  grown  under  similar  conditions  to  the  MOD  heterostructure  supply  layer 
indicate  an  average  carrier  concentration  of  6x10*  ^  cm-^.  The  comparison  between  the  SIMS 
and  Hall  measurements  indicates  a  good  activation  of  the  arsenic  in  the  SiGe  layer. 


3.  Electrical  Properties 

To  evaluate  the  electrical  properties  of  the  MOD  structure,  magnetoresistance  measurements 
were  made  at  temperatures  down  to  0.3  K.  A  Hall  bar  pattern  was  formed  by  wet-etching  and 
longitudinal  and  Hall  resistance  (Ry^y)  measurements  were  made  in  magnetic  fields  (B) 
up  to  4  Tesla.  Three  MOD  structures  were  prepared  for  these  measurements.  In  Table  I,  the 
layer  structure  and  the  results  of  the  measurement  of  each  sample  are  shown.  Fig.  3  shows 
the  B  -field  dependence  of  R^^  and  R^y  of  sample  #2  at  a  temperature  of  0.3  K,  Pronounced 
Shubnikov-de  Haas  (SdH)  oscillations  can  be  seen  in  R^^  with  corresponding  quantum  Hall 
plateaus  in  R^y  both  of  which  are  indicative  of  a  high  mobility  two  dimensional  electron  gas 
(2DEG)  in  the  Si  channel. 

The  overall  sheet  carrier  density  of  sample  #1  is  determined  from  the  gradient  of  R^y  to 
be  2.4x10*2  cm‘2,  while  that  in  the  2DEG  is  7x10*  *  cm‘2  from  the  period  of  the  SdH 
oscillations.  This  discrepancy  can  be  explained  by  the  existence  of  parallel  conduction.  A 
simulation  of  the  conduction  band  edge  profile  implies  the  existence  of  parallel  conduction  in 
the  SiGe  supply  layer  close  to  the  surface. 

For  the  case  of  sample  #2  with  the  thinner  supply  layer,  a  Fourier  transform  analysis 
of  the  SdH  oscillations  shows  that  two  frequency  components  are  present.  This  suggests  the 
existence  of  two  2DEGs  possibly  at  both  interfaces  of  the  Si  channel.  The  sheet  densities 
determined  from  the  oscillations  are  approximately  6x10*  *  cm-2  and  4x10*  *  cm-2,  giving  a 
sum  equal  to  that  from  the  gradient  of  R^y.  This  indicates  that  the  parallel  conduction  in  the 
SiGe  supply  layer  was  completely  removed  in  the  case  of  sample  #2  due  to  the  thin  supply 


Table  I  Structural  and  electrical  properties  of  MOD  samples 
(a)  Layer  structures 


Sample 

No. 

Buffer 

Layer  thickness  (A) 

arsenic 

structure 

Si  channel 

Spacer  Supply  layer 

SiGe  cap 

Si  cap  cone.  (cm‘^) 

#1 

stepwise 

200 

120  1000 

100  -4x10*9 

#2 

stepwise 

200 

150  500 

100 

100  -4x10*9 

#3 

linearly  graded 

100 

180  200 

200 

100  3x10*8 

(b)  Electrical  properties 

Sample 

Sheet  carrier  density  (X10*2  cm'2) 

2DEG  mobility 

No. 

from 

from  SdH  oscillation 

(cm^A'^s) 

#1 

2.4 

0.7 

-  16,000 

#2 

1.0 

0.6,  0.4 

-  15,000 

#3 

0.3 

0.3 

-  10,000 
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layer  and  inserted  SiGe  cap  layer. 

A  Fourier  transform  of  the  SdH  oscillations  measured  in  sample  #1  shows  a  single 
peak  which  is  much  broader  than  those  observed  for  sample  #2,  This  suggests  that  two 
2DEGs  may  also  be  present  in  sample  #1  but  very  similar  electron  concentrations.  However, 
even  if  we  took  this  into  account  the  total  2DEG  sheet  density  of  1.4xl0i  2  cm-2  is  well  below 
the  overall  sheet  density,  2.4x10^2  cm-2.  Therefore  we  can  conclude  that  there  definitely  exist 
a  parallel  conduction  path  in  the  case  of  sample  #1. 

In  the  case  of  sample  #3,  the  sheet  densities  obtained  from  the  gradient  of  R^y  and  the 
SdH  oscillation  agree  well,  indicating  the  existence  of  only  one  2DEG.  This  is  probably 
because  the  2DEG  can  exist  only  at  the  upper  interface  of  the  thinner  Si  quantum  well. 

The  low  temperature  electron  mobility,  |ig,  in  the  2DEG  of  our  MOD  structure  is  about 
15,000  cm2A^s.  This  value  is  considered  to  be  limited  by  interface  scattering  due  to  poor 
morphology  as  well  as  background  impurity  scattering  and  alloy  scattering  due  to  Ge 
segregation  [4]  into  the  Si  channel. 


4.  Conclusions 

Modulation  doped  structures  were  grown  by  gas  source  MBE.  Arsenic  was  used  as  the  n- 
type  dopant  and  high  concentrations  in  excess  of  10^  ^  cm'^  were  obtained  with  strong 
segregation.  Pronounced  Shubnikov-de  Haas  oscillations  were  observed  in  magnetotransport 
measurements.  A  sample  having  a  thick  supply  layer  reveals  the  existence  of  parallel 
conduction,  while  it  is  completely  depleted  in  the  sample  of  a  modified  layer  structure.  The 
mobilities  of  the  2DEGs  are  about  15,000  cm2A^s  and  we  believe  that  the  mobilities  can  be 
improved  greatly  by  optimising  the  growth  conditions  and  parameters. 
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Effects  of  annealing  using  plasma-CVD  SiN  film  as  a  cap 
on  2DEG  mobility 


S.  Nakata,  M.  Yamamoto  and  T.  Mizutani 
NTT  LSI  Laboratories 

3~1  Morinosato  Wakamiyay  Atsugi-shU  Kanagawa  243-01,  Japan 

Abstract  We  investigated  how  the  mobility,  ji,  and  carrier  density,  n  ,  of 
AlGaAs/GaAs  two-dimensional  electron  gas  (2DEG)  are  influenced  by  fabrication 
processes  using  plasma-excited  chemical  vapor  deposition  (plasma-CVD)  SiN 
film.  Annealing  with  plasma-CVD  SiN  film  as  a  cap  results  in  a  large  reduction  in 
\i  and  n^.  Both,  however,  are  restored  by  reannealing  after  removing  the  SiN  film. 
We  further  investigated  the  influence  of  the  same  process  on  a  more  simplified  Si- 
doped  GaAs  layer  structure  through  capacitance- voltage  (C-V)  measurements. 
Similar  degradation  and  restoration  of  the  carrier  density  were  also  observed  for  Si- 
doped  GaAs.  The  reannealing  temperature  dependence  shows  the  degraded  carrier 
density  is  almost  perfectly  restored  by  reannealing  at  the  low  temperature  of  380  ‘^C 
for  20  minutes.  Reannealing  after  removing  the  plasma-CVD  SiN  film  is  necessary 
for  fabricating  high-quality  buried  structures. 


1.  Introduction 

Buried  quantum  wires  with  lateral  heterointerfaces  are  promising  for  producing  quantum-wire- 
based  quantum-electron  devices  [1-4].  We  fabricated  buried  wires  using  a  photo-assisted 
chemical  vapor  deposition  (photo-CVD)  SiN  film  as  a  mask  for  etching  and  as  a  mask  for  sub¬ 
sequent  MOCVD  regrowth  [4].  This  method  enables  us  to  fabricate  all  kinds  of  nanometer¬ 
sized  structures. 

Little  process-induced  damage  results  from  photo-CVD  SiN  film  deposition  because  of 
its  small  photon-assisted  energy,  as  opposed  to  plasma-excited  CVD  (plasma-CVD)  film  depo¬ 
sition.  Photo-CVD  film,  however,  does  not  adhere  to  the  wafer  as  well  as  plasma-CVD  film. 
For  this  reason,  it  is  preferable  to  use  plasma-CVD  SiN  film  as  a  mask. 

In  order  to  obtain  high-quality  buried  wires,  we  have  to  clarify  how  the  processes  using 
plasma-CVD  SiN  film  influence  the  electrical  properties  of  the  two-dimensional  electron  gas 
(2DEG). 

We  investigated  how  the  mobility,  fi  and  carrier  density,  n^  of  2DEG  are  influenced  by 
fabrication  processes  using  plasma-CVD  SiN  film.  We  investigated  the  effects  of  annealing 
using  SiN  film  as  a  cap.  This  process  simulated  MOCVD  regrowth,  and  resulted  in  a  large 
reduction  in  p.  and  n^.  Both  were  restored,  however,  by  reannealing  after  removing  the  SiN 
film.  These  experimental  results  are  shown  in  section  3. 

Next,  we  investigated  the  influence  of  the  same  process  on  the  carrier  profile  of  a  more 
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simplified  structure  of  a  Si-doped  GaAs  layer  through  C-V  measurements.  We  will  discuss 
how  the  carrier  density  is  reduced  by  annealing  using  the  plasma-CVD  film  and  how  this  reduc¬ 
tion  is  restored  by  reannealing  after  the  film  is  removed.  To  determine  the  lowest  temperature 
required  to  substantially  reduce  defects,  we  investigated  the  reannealing  temperature  depen¬ 
dence  of  carrier  density  restoration.  The  results  are  discussed  in  section  4. 


2.  Processes 


Schematic  representations  of  the  processes  used  in  this  study  are  shown  in  Fig.  1.  We  used 
plasma-CVD  and  photo-CVD  to  deposit  SiN  film  and  compared  the  results.  For  photo-CVD 
deposition,  ultra-violet  light  from  a  Hg  lamp  was  used  to  form  vapor  phase  reactants  that  en¬ 
hance  the  deposition  rate.  The  photo-CVD  SiN  film  was  deposited  at  the  substrate  temperature, 
T  ,  of  160  °C.  Plasma-CVD  was  done  using  microwaves  with  a  power  of  0.5  kW  obtained  by 
applying  the  radio-frequency  voltage  and  the  SiN  film  was  deposited  at  T^  of  300  °C.  Therefore, 
the  large  plasma  energy  added  to  the  thermal  energy  enhanced  the  deposition  rate. 

In  process  (A)  (Fig.  1),  SiN  was  deposited  on  the  wafer  to  a  thickness  of  60  nm.  After 
deposition,  the  film  was  removed  from  the  wafer  with  etchant  (HF).  In  process  (B),  after  SiN 
deposition,  the  wafer  was  annealed  at  600  ®C  for  20  minutes.  The  film  was  then  removed. 
Process  (B)  is  a  simulated  process  of  MOCVD  regrowth  used  for  burying  wires.  In  process  (C), 

SiN  was  deposited,  and  the  wafer  was 

SiN  anneal  annealed  just  as  in  process  (B).  The  SiN 

deposition  with  SiN  after  J  ^ 

as  a  cap  removing  SiN  film  was  then  removed  and  the  wafer 

was  reannealed  at  600  °C  for  20  min- 

(A)  (B)  (C)  utes.  Ohmic  contacts  were  made  by  an- 

nealing  AuGeNi  at  380  °C  for  2  minutes. 

and  n^  were  measured  using  the  van 

-  -  der  Pauw  method  at  77  K. 


Ohmic— p3 — ^ 
measurement 


anneal 


anneal 


measurement 

Fig.  1. 

Schematic  representations 
of  the  processes  for 

(A)  SiN  deposition, 

(B)  annealing  with  SiN  film,  and 

(C)  reannealing  after  removing  the  SiN  film. 
Hall  measurements  were  carried  out  after 
these  processes. 


reanneal 


measurement 


3.  Hall  measurement 

The  epitaxial  layer  used  here  was  a 
modulation-doped  AlGaAs/GaAs 
heterostructure  grown  by  molecular 
beam  epitaxy  (MBE).  An  undoped 
GaAs  buffer  layer  (600  nm),  an  undoped 
Alo3Gao7As  spacer  layer  (10  nm),  a  Si- 
doped  AIq  3GaQ  ^As  layer  with  a  nominal 
Si  concentration  of  1.5x10^^  /cm^  (50 
nm),  and  a  Si-doped  GaAs  cap  layer 
with  a  nominal  Si  concentration  of 
1.0x10^®  /cm^  (10  nm)  were  succes- 
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as  a  cap  removing  SiN 


Fig.  2,  Mobility  and  carrier  density,  n^,  for  processes  A,  B  and  C 
shown  in  Fig.  1  using  a  photo-CVD  SiN  film.  The  original 

mobility  and  n^  of  2DEG  are  also  shown. 


sively  grown  on  a  semi-insu¬ 
lating  GaAs  substrate.  The  |i 
and  n^  of  the  2DEG  in  the 
starting  wafer  was  1.15x10^ 
cm^A^s  and  6.2x10^  Vcm^  at  77 
K. 

Figure  2  shows  the 
change  in  |i  and  n^  after  pro¬ 
cesses  (A),  (B)  and  (C)  using 
the  photo-CVD  SiN  film,  p, 
didn’t  change  appreciably  after 
process  (A).  This  indicates  a 
small  amount  of  process-in¬ 
duced  damage  is  caused  during 
the  photo-CVD  SiN  deposi¬ 
tion.  After  process  (B),  p, 
showed  only  a  5  %  reduction 
from  its  original  value,  and  af¬ 
ter  process  (C),  it  was  almost 


entirely  restored  to  its  original  value,  n^  also  did  not  change  significantly  during  processes  (A), 

(B)  and  (C),  but  rather  stayed  close  to  its  original  value  of  6.2x10^  Vcm^. 

Figure  3  shows  how  the  p-  and  n^  are  changed  by  processes  (A),  (B)  and  (C)  when  plasma- 

CVD  SiN  film  is  used.  We  observed  a  8  %  reduction  in  p  after  plasma-CVD  SiN  deposition  by 

process  (A).  In  contrast,  we  observed  a  76%  reduction  in  p  with  process  (B)  from  10.6  xlO"^  to 

2.6  xlO'*  /cm^.  n^  was  also  reduced  from  6.2  x  10^^  to  2.4  xlO^  Vcm^.  The  large  reduction  in  p 

and  n  after  process  (B)  with  the  plasma-CVD  SiN  film  stands  in  contrast  to  the  slight  reduction 
s 


q  8 


10 


4  - 


as  a  cap  removing  SiN 

Fig.  3.  Mobility  and  carrier  density,  n^  ,  for  processes  A,  B  and  C 
shown  in  Fig.  1  using  a  plasma-CVD  SiN  film.  The  original 
mobility  and  n^  of  2DEG  are  also  shown. 


in  p  and  the  almost  constant  n 
after  process  (B)  using  the 
photo-CVD  SiN  film. 

The  slight  reduction  in 
p  after  process  (A)  might  be  a 
result  of  damage  during 
plasma-CVD  SiN  deposition 
from  the  0.5  kW  microwave 
power  source.  In  order  to  iden¬ 
tify  the  cause  of  the  significant 
reduction  of  p  and  n^  after  pro¬ 
cess  (B)  using  plasma-CVD, 
we  investigated  the  effects  of 
reannealing  the  wafers  after  re¬ 
moving  the  SiN  film  (process 
(C)).  As  shown  in  Fig.  3,  p  and 
n  after  process  (C)  are  almost 
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completely  restored  to  their 
original  values.  This  indi¬ 
cates  the  increase  in  defect 
density  caused  by  process 
(B)  is  almost  completely 
eliminated  and  the  reduction 
of  |X  and  n  occuring  in  pro- 
cess  (B)  is  not  related  to,  for 
example,  Si  dopant  diffusion 
into  the  heterointerface  chan¬ 
nel, 

0.05  0.1  0.15  0.2  0.25  0.3 

Depth  (urn) 

Fig.  4.  Carrier  profile  of  the  original  wafer,  annealed  wafer  4^  Q.y  measurement 

with  plasma-CVD  SiN,  and  reannealed  wafer 

after  removing  SiN.  further  investigated  the 

influence  of  the  same  pro¬ 
cess  on  a  more  simplified  Si- 
doped  GaAs  layer  structure. 
The  epitaxial  layer  used  here 
was  Si-doped  GaAs  (300 
nm)  with  a  nominal  Si  con¬ 
centration  of  4x10^^  cm'^ 
grown  by  MBE  on  a  Si- 
doped  GaAs  substrate  with  a 
Si  concentration  of  1x10^* 
cm'^. 

Fig.  4  shows  the  car- 
0  100  200  300  400  500  600  700  rier  profile  of  the  Si-doped 

Reannealing  temperature  (  C)  GaAs  wafer  obtained  from 

C-V  measurements.  The 

Fig.  5.  Reannealing  temperature  dependence  of  carrier  density.  circles  squares  and  dia- 

The  upper  broken  line  and  the  lower  one  represent  the  represent  respectively 

original  carrier  density  and  the  reduced  one 

after  annealing  with  plasma-CVD  SiN .  ^  t  i  j  r 

wafer,  the  annealed  wafer 

with  SiN  (process  B),  and 

the  reannealed  wafer  after  the  removal  of  the  SiN  (process  C).  The  carrier  density  of  the 
original  wafer  at  0.15  pm  from  the  surface  (half  the  epitaxy  layer  thickness)  was  3.8x10^’  cm'^, 
which  is  consistent  with  the  nominal  Si  concentration.  The  depletion  length  was  0.08  pm.  The 
carrier  density  of  the  annealed  wafer  with  SiN  was  reduced  to  3.1x10^^  cm'^  at  the  same  depth. 
The  depletion  length  was  increased  to  0.09  pm.  For  the  wafer  reannealed  after  removing  the 
SiN,  the  carrier  density  was  restored  to  4.0x10^^  cm'^  and  the  depletion  length  was  reduced  to 
0.08  pm.  This  degradation  and  restoration  of  the  carrier  density  is  consistent  with  the  Hall 
measurement  results  for  2DEG.  Thus,  the  behavior  of  the  depletion  length  is  strongly  related  to 
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that  of  the  carrier  density. 

Next,  we  investigated 
how  defects  are  reduced  as  a 
function  of  the  reannealing 
temperature.  After  anneal¬ 
ing  with  SiN  at  600  for 
20  minutes,  we  reannealed 
the  wafer  for  20  minutes  at 
600  ^C,  380  ^C,  and  200 
after  removing  the  SiN  film. 
We  compared  the  carrier 

0.05  0.1  0.15  0.2  0.25  0.3  0.35  0.4  density  of  these  wafers  with 

Depth  (urn)  that  of  the  non-reannealed 

wafer,  as  shown  in  Fig.  5. 
We  plotted  the  carrier  den- 

Fig.  6.  Carrier  profile  of  wafers  reannealed  at  380  C  after  removing  •  r  i  r* 

sity  of  these  wafers  at  a 

plasma-CVD  SiN  for  20  minutes  and  10  minutes  after  600  0.15-|im  depth,  which  is  a 

annealing  with  plasma-CVD  SiN.  A  profile  of  the  non-  half  of  the  epitaxy  layer 

reannealed  wafer  is  shown  for  comparison.  thickness.  The  solid  and 

open  circles  represent  the  carrier  density  of  the  reannealed  wafers  and  that  of  the  non-reannealed 
wafers.  The  upper  broken  line  shows  the  original  carrier  density  and  the  lower  one  shows  the 
carrier  density  of  the  annealed  wafer  with  the  SiN  film  (Process  (B)).  Reannealing  at  380 
was  found  to  restore  the  carrier  density  to  the  level  of  the  original  wafer,  but  reannealing  at  200 
^  didn't  restore  the  carrier  density  at  all.  Thus,  the  lowest  temperature  at  which  defects  can  be 
reduced  substantially  is  somewhere  between  these  two  values. 

Next,  we  investigated  how  the  restoration  of  the  carrier  density  depends  on  the 
reannealing  time  with  the  reannealing  temperature  fixed  at  380  ®C.  We  prepared  two  wafers  for 
reannealing  for  10  and  20  minutes  after  removing  the  SiN  film.  The  earner  profiles  as  a  func¬ 
tion  of  the  reannealing  time  are  shown  in  Fig.  6  and  compared  with  that  of  the  non-reannealed 
wafer.  The  carrier  density  of  the  20  minute  reannealed  wafer  was  restored  to  the  original  one  as 
described  earlier.  The  carrier  density  for  the  10-minute  reannealed  wafer,  however,  was  not 
restored  sufficiently.  The  carrier  density  of  this  wafer  at  0. 15  |im  was  3.5xl0^’cm'^,  This  value 
falls  between  that  of  the  20  minute  reannealed  one  and  that  of  the  non-reannAled  one.  For  a 
temperature  of  380  °C  ,  20-minute  reannealing  is  sufficient  to  restore  the  value  of  the  original 
carrier  density,  but  10-minute  reannealing  is  not. 

5,  Conclusion 

We  observed  |i  and  n^  degradation  of  2DEG  by  annealing  using  plasma-CVD  SiN  film  as  a 
cap.  Both  of  these  values,  however,  could  be  restored  by  reannealing  after  removing  the  SiN 
film  from  the  wafer.  Similar  degradation  and  restoration  of  the  carrier  density  were  also  ob¬ 
served  for  a  Si-doped  GaAs  layer.  Reannealing  temperature  dependence  indicated  that  the  low- 
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est  temperature  required  to  reduce  defects  substantially  was  somewhere  between  200  and  380 
Reannealing  after  removing  the  plasma-CVD  SiN  film  is  necessary  for  fabricating  high- 
quality  buried  structures. 
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Low  ion  energy  ECR  etching  of  InP  using  Clj/N^  mixture 
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Abstract  :  The  low  energy  (about  30eV)  ion  etching  of  InP  with  excellent  etching 
performances  of  vertical  sidewall  profile,  smooth  surface  and  high  etching  rate  (more  than  1000 
A/min)  has  been  realized  by  an  ECR  plasma  using  a  CI2/N2  mixture.  Surface  analysis  by  XPS 
and  plasma  diagnostics  by  OES  suggest  that  the  mechanism  of  this  etching  may  be  dominated 
by  the  two  effects;  the  remarkable  reduction  of  Cl  neutral  radical  density  by  the  reaction  of 
Cl+N-^NCl  and  the  formation  of  InN  and  P3N5  due  to  the  reaction  between  the  atomic 
nitrogen  in  the  CI2/N2  plasma  and  the  InP  substrate.  This  technique  appears  to  be  based  on  a 
new  concept  for  InP  dry  etching  to  control  the  volatilizing  rate  of  PClj^(x=l-5)  products 
balancing  to  the  desorption  rate  of  InClj^(x=E3)  products,  in  opposition  to  the  conventional 
method  enhancing  the  desorption  of  non-volatile  InCl^  products  comparably  to  that  of  volatile 
PClj^  products  by  high  energy  ion  bombardment. 


1 .  Introduction 

Reactive  Ion  Etching  (RIE)  or  Reactive  Ion  Beam  Etching  (RIBE)  technique  had  been  developed 
for  the  application  of  indium-based  compounds  dry  etching  for  semiconductor  processing  in  this  last 
decade  [Franz  1990,  Hayes  et  al.  1989,  Contlini  1988],  for  example  to  form  the  facet  of  laser  diode 
cavity  or  the  emitter  mesa  of  the  heterojunction  bipolar  transistor  (HBT).  However,  InP  dry  etching 
technique  had  been  one  of  the  most  difficult  plasma  processing. 

With  chlorine-based  gases,  as  conventional  techniques,  for  obtaining  the  smooth  surface  and 
anisotropic  profile  in  InP  etching  it  has  been  necessary  to  enhance  the  desorption  rate  of  the  non¬ 
volatile  InCl^(x=l-3)  products  in  comparable  to  that  of  the  volatile  PCI ^(x= 1-5)  products  by  the 
physical  sputtering  with  high  energy  ions  of  lOO-lOOOeV  or  the  temperature  rising  of  the  substrate. 
However,  the  crystal  damage  by  the  high  energy  ion  bombardment  causes  serious  problems  for  the 
application  to  the  device  processing. 

With  CH4-  or  C2H^-based  gases,  the  reaction  products  of  indium  and  phosphorus  can  be  easily 
volatilized  in  contrast  with  the  chlorine-based  gases.  The  InP  etching  with  these  gases  have  been 
intensively  investigated,  recently.  Pearton  et  al.  pointed  out  that  InP  could  be  etched  by  the  ECR 
plasma  using  CH4/H2/Ar  mixture  without  rf  bias[Pearton  et  al.  1990].  This  may  be  a  result  of  the  ion 
assisted  etching  by  the  higher  ion  density  in  the  ECR  plasma.  However,  high  etching  rate  and 
smooth  surface  could  not  be  yielded. 

We  previously  had  studied  the  low  energy  ion  ECR  etching  of  In^Gaj,j^As(x=0.53)  using  Cl  2/He 
mixture,  and  proposed  that  it  was  essential  for  the  low  energy  ion  etching  of  indium-based 
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compounds  to  reduce  the  Cl  neutral  radical  density  in  the  processing  plasma  by  diluting  CI2  with  th( 
inert  gas  such  as  He[Miyakuni  et  a!.  1994].  In  this  work,  we  have  investigated  the  dry  etching  of  Ini 
by  low  energy  ion  (about  30eV)  ECR  plasma  with  CI2/N2  mixture,  resulting  in  vertical  profile  anc 
smooth  etched  surface.  Furthermore,  a  qualitative  explanation  of  the  smooth  etching  mechanism  haj 
been  presented. 

2.  Experimental 

The  etching  of  InP  was  performed  by  an  electron  cyclotron  resonance  (ECR)  plasma  etching 
system,  which  has  both  main  and  sub  magnetic  coils[Miyakuni  et  al.l994].  ECR  plasma  is  excitec 
by  combination  of  2.45GHz  microwave  and  875G  magnetic  field.  In  order  to  control  the  energy  0 
incident  ions,  rf  power  of  13.56MHz  is  supplied  to  the  substrate  holder. 

The  etching  samples  used  in  this  study  were  3  inches  diameter  semi-insulating  (100)  InF 
substrates.  WSi^  (3000A  in  thickness,  x=0.2)  was  used  as  an  etching  mask.  Gas  mixtures  oi 
CyAr  and  CI2/N2  were  utilized  for  the  etching  of  InP.  The  following  etching  conditions  wen 
selected  to  reduce  the  Cl  neutral  radical  density.  An  operating  pressure  was  0.4mTorr  and  a  total  gas 
flow  rate  was  kept  constant  to  be  lOsccm.  Microwave  and  rf  power  were  fixed  at  200W  and  30W, 
respectively.  Main  and  sub  magnetic  current  were  adjusted  to  13A  and  25A,  respectively.  Th( 
substrate  temperature  was  raised  from  lOO^C  to  about  200  C  by  a  sheathed  heater  installed  in  the 
substrate  holder. 

Optical  Emission  Spectroscopy  (OES)  system  was  utilized  to  elucidate  the  relation  between  the 
etching  property  and  the  Cl  radical  density  in  the  plasma  during  etching.  Scanning  Electron 
Microscope  (SEM)  and  X-ray  Photoelectron  Spectroscopy  (XPS)  analyses  were  performed  to 
characterize  the  etched  surface  morphology  or  profile  and  the  surface  chemical  bonding. 
Furthermore,  the  Langmuir  probe,  which  is  6mm  in  diameter,  was  set  above  10mm  from  the  center 
of  the  substrate  to  measure  plasma  potential  and  ion  flux. 

3. Results 

A.  Characterization  of  InP  etching 

Figure  1  shows  the  InP  etching  rates  as  a 
function  of  the  Ar/(Cl2+Ar)  or  N2/(Cl2+N2) 
mixing  ratio.  The  substrate  temperature  was 
kept  to  about  150°C.  The  InP  etching  rate  was 
increased  drastically  by  diluting  CI2  with  a 
small  amount  of  N2.  With  increasing  N2 
concentration,  the  etching  rate  was  decreased 
rapidly.  It  should  be  noted  that  InP  could  be 
etched  slightly  (about  100  A /min)  even  in  pure 
N2  plasma.  On  the  other  hand,  in  the  case  of 
diluting  CI2  with  Ar,  the  etching  rate  was 
decreased  gradually  with  increasing  the  Ar 
concentration,  and  eventually  became  zero  in 
pure  Ar  plasma. 

Figure  2(a)-2(c)  are  the  SEM  micrographs  of 
InP  etching  profiles  etched  by  pure  Cl  2,  Cl2/Ar 
(=lsccm/9sccm)  and  CI2/N2  (=3sccm/7sccm), 


CI2  (SCCM) 


Fig.l.  Dependence  of  the  etching  rate  of  InP 
on  N2/(Cl2+N2)  or  Ar/(Cl2+Ar)  ratio. 
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respectively. 

With  pure  CI2,  the  etched  surface  seriously  became  rough  [Fig.2(a)].  The  rough  etched  surface 
could  not  be  eased  by  diluting  CI2  with  90%  Ar  content  [Fig.2(b)].  On  the  contrary,  remarkable 
smooth  surface  was  obtained  by  diluting  CI2  with  N2,  and  abruptness  of  the  edge  profile  could  be 
improved  with  increasing  mixing  ratio  [Fig.2(c)].  The  excellent  etching  performances  of  smooth 
surface  and  abrupt  edge  profile  could  be  achieved  with  Cl2(40%)/N2(60%)  mixture,  realizing  in  high 
etching  rate  of  more  than  1000  A /min. 


Fig.2,  SEM  photograph  of  the  InP  etched  by  (a)  Cl2==10sccm,  (b)  Cl2/Ar=lsccm/9sccm,  (c) 
Cl2/N2=3sccm/7sccm. 


B.  Plasma  diagnostics 
Etching  plasma  was  diagnosed  by  OES 
system  during  the  etching  process.  The 
intensity  of  Cl  atomic  line  at  725. 6nm  indicates 
the  Cl  radical  density  in  the  processing  plasma. 
Figure  3  shows  the  dependence  of  the  optical 
emission  intensity  of  Cl  on  the  gas  mixing  ratio 
in  both  cases  of  Cl2/Ar  and  CI2/N2  mixture. 
Noticable  reduction  of  the  emission  intensity 
can  be  observed  in  even  small  amount  of  N2 
mixing  to  Cl 2  gas.  This  may  arise  from  the 
reaction  of  C1+N-*^NC1,  which  is  caused  by  the 
dissociation  of  CI2  and  N2  molecules  in  the 
plasma[Colin  and  Jones  1967].  This  result 
indicates  that  the  Cl  neutral  radical  density  is 
extremely  reduced  to  a  large  extent  by  the  N2 
addition  than  by  the  inert  gas  such  as  An 
The  etching  plasma  was  also  inspected 
through  the  measurements  of  plasma  potential, 
dc  bias  voltage  of  the  substrate  induced  by  rf 
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Fig.3.  Dependence  of  the  emission  intensity 
from  atomic  Cl  on  N2/(Cl2+N2)  or 
Ar/(Cl2+Ar)  ratio. 
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power  and  the  ion  flux,  as  demonstrated  in 
Figure  4  and  5,  respectively.  The  plasma 
potential  and  the  dc  bias  voltage  increased  with 
increasing  diluting  ratio  in  both  cases  of  Ar  and 
N2  [Fig.4].  The  incident  ion  energy  to  the 
substrate  can  be  estimated  to  about  20"^30eV 
from  dc  bias  voltage  and  the  plasma  potential. 
The  ion  flux  also  increased  with  further 
addition  of  Ar  and  N2  [Fig. 5].  However,  there 
appeared  to  be  little  difference  between  the  ion 
energy  and  the  ion  flux  in  either  type  of  gas 
mixture. 

C.  Chemical  analysis  of  etched  surface 

The  reaction  products  remaining  on  the 
etched  surface  were  analyzed  by  XPS  to 
examine  the  chemical  reactions  in  the  etching 
plasma.  Figure  6  shows  the  XPS  survey 
spectra  of  the  etched  surfaces  demonstrated  in 
Fig.2(a)  and  Fig.2(c),  respectively.  (A)  is  the 
spectrum  from  unetched  InP  control  sample. 
(B)  and  (C)  correspond  to  the  spectra  for  the 
surface  etched  by  pure  CI2,  and  to  that  by 
CI2/N2  (=3sccm/7sccm),  respectively.  These 
samples  were  prepared  by  the  treatment  of 
deionized  water  rinsing  immediately  after  the 
etching,  in  order  to  remove  the  free  Cl  atoms 
adsorbed  on  the  surfaces,  which  may  conceal 
some  information  about  chemical  bonding 
states  in  the  near-surface  region. 

The  XPS  spectra  of  In^^,  ?2p’  ^is 
were  analyzed  by  curve-fitting  technique  to 
distinguish  the  etch  product  peaks  from  the  InP 
surface.  Few  Cl  residues  were  detected  on  all 
of  samples,  which  may  be  washed  out  by  the 
water  rinsing  treatment  mentioned  above.  In 
the  case  of  the  etching  using  CI2/N2  mixture, 
we  found  that  a  large  quantity  of  InN  was 
formed  on  the  InP  surface,  moreover,  a  fairly 


Fig.4.  Dependence  of  the  plasma  potential  and 
dc  bias  voltage  on  N2/(Cl2+N2)  or 
Ar/(Cl2+Ar)  ratio. 


Fig.5.  Dependence  of  the  ion  flux  on 
N2/(Cl2+N2)  or  Ar/(Cl2+Ar)  ratio. 


large  amount  of  P3N5  and/or  R2PO(OH) 
products  exist,  compared  with  the  other 
samples. 

It  is  considered  that  the  possibility  for  the  formation  of  P3N3  is  higher  than  that  of  R2PO(OH)  [R  is 
the  organic  functional  group],  which  is  generated  by  the  water  treatment.  From  these  results,  with 
increasing  N2  mixing  ratio  in  CI2/N2  plasma,  the  nitridation  of  InP  was  deduced  to  be  the  dominant 
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surface  reaction.  Although  the  vapor  pressure  of  P3N5  is  not  well  known,  it  can  be  supposed  that  the 
volatility  of  P3N5  is  much  lower  than  that  of  PCl^  from  its  thermal  stability  point  of  view. 


Binding  Energy  (eV) 

Fig.6.  XPS  survey  spectra  from  InP  control  sample  (A), etched  sample  by  Cl2=10sccm  (B)  and 
etched  sample  by  Cl2/N2=3sccm/7sccm  (C). 

4.  Discussion 

The  relation  between  the  etching  performances  and  the  diagnostics  of  the  etching  plasma  and 
moreover  the  XPS  inspections  of  etch  products  on  the  surface  have  been  studied  in  this  work.  As  a 
consequence,  it  was  found  that  the  surface  roughness  and  edge  profile  of  InP  etching  strongly  depend 
on  Cl  radical  density  in  the  etching  plasma  and  the  reaction  between  InP  surface  and  etching  gases. 
The  excellent  etching  performances  of  smooth  surface  and  vertical  sidewall  profile  can  be  obtained 
only  under  limited  condition  with  low  density  of  Cl  radical  in  the  CI2/N2  plasma. 

Mechanism  of  the  InP  dry  etching,  described  above,  with  low  Cl  radical  density  plasma  and  low 
energy  (about  30eV)  ion  bombardment  with  ECR  plasma  may  be  based  on  a  new  concept  in  contrast 
to  the  conventional  method,  enhancing  the  desorption  rate  of  non-volatile  InCl,^  products  in 
comparably  to  that  of  PCl^  products.by  high  energy  ion  bombardments.  The  benefits  of  utilization  of 
CI2/N2  gas  mixture  in  InP  etching  with  ECR  plasma  can  be  attributed  to  the  following  two  effects, 
one  is  the  reduction  of  Cl  radical  density  in  the  processing  plasma,  and  the  other  is  the  nitridation  of 
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In  and  P.  The  processing  plasma  may  be  in  the  Cl  radical  transport  limit  due  to  the  reduction  of  C 
radical  density,  resulting  in  the  effective  suppression  of  PCl^^  formation  and  its  desorption.  Ir 
addition  to  this,  the  formation  rate  of  PCl^  can  remarkably  be  reduced  by  the  reaction  of  non-volatile 
P3Ng  formation  with  increasing  N2  mixing.  With  these  two  effects,  the  selective  desorption  of  PCl,^ 
can  be  suppressed  compared  with  the  other  reaction  products.  Consequently,  the  smooth  etched 
surface  has  been  realized  even  in  such  a  low  ion  energy  plasma. 

This  technique  is  to  control  the  volatilizing  rate  of  PCI  ^  products  balancing  to  the  desorption  rate  of 
InClj^  products  with  the  reduction  of  Cl  radical  density  and  nitridation  of  In  and  P.  By  employing  this 
unique  method,  InP  etching  with  smooth  surface,  vertical  edge  profile  and  high  etching  rate  can  be 
realized  for  the  first  time  without  high  energy  ion  assists. 

5.  Conclusion 

Low  energy  (about  30eV)  ion  etching  of  InP  was  performed  by  an  ECR  plasma  with  a  CI2/N2 
mixture.  When  the  N2  concentration  became  higher  than  60%,  the  smooth  surface  and  the  vertical 
sidewall  profile  were  obtained  with  the  high  etching  rate  (more  than  1000  A/min)  which  has  not  ever 
reported  in  ECR  plasma  etching.  These  characteristics  are  considered  to  result  from  the  extreme 
reduction  of  Cl  radical  density  due  to  the  reaction  of  C1+N-»^NC1  and  the  nitridation  of  In  and  P  in 
CI2/N2  plasma. 
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Surface  structure  of  GaSb  and  AlSb  grown  by  molecular 
beam  epitaxy 

Berinder  Brar,  Devin  Leonard  and  John  H.  English 
Department  of  Electrical  and  Computer  Engineering 
University  of  California  Santa  Barbara,  Santa  Barbara,  CA  93106 

Abstract.  Atomic  force  microscopy  is  employed  to  obtain  images  of  the  surface  of  GaSb  and  AlSb 
epilayers  grown  on  (001)  GaAs  and  GaSb  using  molecular  beam  epitaxy.  The  surface  of  the  lattice- 
mismatched  GaSb  epilayers  is  characterized  by  mounds  that  have  a  spiral  step  structure.  The  spirals 
nucleate  at  threading  screw  dislocations  present  in  the  lattice-mismatched  epilayer.  Homoepitaxial 
layers  of  GaSb  grown  on  (001)  GaSb  also  exhibit  mounds  on  the  surface,  however  without  the 
accompanying  spiral  steps  observed  on  the  mismatched  epilayers.  AlSb  epilayers  are  observed  to  be 
smooth  compared  to  the  GaSb  epilayers,  and  show  no  evidence  of  the  spiral  step  structure. 

The  nearly  lattice-matched  {a^6.\  k)  compound  semiconductors  GaSb,  AlSb  and  InAs, 
offer  a  great  deal  of  flexibility  for  bandgap  engineered  devices  such  as  infrared  detectors,^’  ^ 
heterostructure  field-effect  transistors,^  and  resonant  tunneling  devices."^*  ^  The  device  struc¬ 
tures  are  usually  grown  on  lattice-mismatched  (001)  GaAs  semi-insulating  substrates  and 
employ  thick  buffer  layers  of  GaSb  and  AlSb  to  allow  the  attenuation  of  threading  disloca¬ 
tions.  A  recent  study  by  Kyutt  et  al^  shows  that  the  large  lattice  mismatch  between  GaSb 
epilayers  and  the  GaAs  substrate  (Aiz/a  ^  7%)  is  accommodated  by  the  nucleation  of  a  high 
density  of  threading  screw  dislocations  lOl®  cm-2  at  the  hetero-interface,  decreasing  to  ap¬ 
proximately  10^  cm-2  after  1  pm  of  material  has  been  grown.  In  the  present  paper,  we  use  an 
atomic-force  microscope  to  obtain  detailed  topological  information  of  GaSb  and  AlSb  epilayers 
grown  by  molecular  beam  epitaxy  (MBE)  in  order  to  investigate  their  growth  in  the  presence 
of  a  high  density  of  threading  screw  dislocations. 

All  samples  were  grown  in  a  Modular  Varian  GENII  MBE  machine  equipped  with  el¬ 
emental  group  III  and  V  sources.  The  antimony  source  was  uncracked  molecular  Sb4.  The 
GaSb  and  AlSb  epilayers  were  grown  at  530  °C  and  570  °C  respectively,  with  a  nominal 
growth  rate  of  1  pm/hr  and  an  Sb  beam  equivalent  pressure  of  2  x  10^  Torr.  A  50  nm  AlSb 
nucleation  layer  was  employed  in  the  GaSb  samples  to  initiate  growth  on  the  GaAs  substrate. 
After  the  growth  of  the  epilayer,  the  samples  were  cooled  in  an  Sb  beam.  The  AlSb  samples 
were  capped  with  6  monolayers  of  GaSb  to  protect  the  surface.  After  the  samples  were  re¬ 
moved  from  the  MBE  machine  they  were  measured  in  air  at  room  temperature  using  a  Digital 
Instruments  Nanoscope  III  AFM  with  a  200  pm  cantilever.  The  sample  surfaces  remained 
stable  in  air,  and  the  images  taken  immediately  after  removal  from  the  MBE  machine  were 
nominally  identical  to  those  taken  a  few  weeks  later. 

Fig.  1.  shows  a  5  pm  X  5  pm  AFM  image  of  the  MBE  grown  heteroepitaxial  GaSb  surface 
for  the  sample  grown  at  530  °C  on  a  singular  (001)  GaAs  substrate.  The  bright  spots  corre¬ 
spond  to  a  vertical  dimension  of  6  nm  compared  to  the  dark  areas  of  the  image.  The  surface 
consists  of  a  large  number  of  mounds  approximately  4  nm  high.  The  largest  mounds  on  the 
surface  have  a  lateral  dimension  of  ~  1  pm  x  1.5  pm.  The  mounds  on  the  surface  are  respon¬ 
sible  for  the  “orange-peel”  appearance  of  the  surface  when  examined  under  a  Nomarski  mi¬ 
croscope  at  lOOx  magnification.  The  mounds  are  elongated  in  the  [01  l]direction,  and  their 


336 


Fig.  1.  5  lim  X  5  |im  APM  image  of  a  1  |im  thick  epilayer  of  GaSb  grown  on  a  (001)  GaAs  substrate.  The 
bright  areas  of  the  image  are  6  nm  tall  compared  to  the  dark  areas  of  the  image. 

areal  density  is  «  5  x  10^  cm-2.  Monolayer-height  (0.3  nm)  steps  are  visible  on  the  surface  of  the 
mounds  in  Fig.  1. 


Fig.  2.  High-resolution  images  of  the  mounds  observed  in  Fig.  1.  2(a)  shows  the  spiral  step  edge  emanating 
from  a  screw  dislocation  at  the  center  of'the  mound.  2(b)  shows  a  three  lobed  spiral  corresponding  to  three 
screw  dislocations  at  the  center  of  the  mound. 

A  higher-resolution  image  of  one  of  the  mounds  from  Fig.  1  is  shown  in  Fig.  2(a).  The  de¬ 
tailed  structure  of  the  steps  can  be  seen  quite  clearly.  The  surface  consists  of  a  single  step  edge 
that  originates  from  the  center  of  the  mound  and  proceeds  outwards  in  a  spiral  fashion  until  it 


337 


intersects  a  similar  step  edge  from  one  of  the  neighboring  mounds.  All  the  mounds  shown  in  Fig. 
1  display  a  similar  spiral  step  edge.  The  spiral  growth  mode  has  been  studied  in  GaAs 
homoepitaxial  layers  grown  by  organometallic  vapor  phase  epitaxy,^  and  occurs  as  a  result  of 
screw  dislocations  on  the  surface.  A  screw  dislocation  has  a  Burgers  vector  that  points  in  the 
direction  of  the  dislocation  line  and  presents  a  persistent  step  source  on  the  growing  surface.  In 
the  samples  we  have  studied,  we  observe  growth  spirals  that  have  both  a  clockwise  and  an  anti¬ 
clockwise  sense.  Mounds  with  one.  two,  and  three  spiral  lobes  originating  from  the  center  are 
also  observed.  Fig.  2(b)  shows  a  spiral  GaSb  mound  with  three  anti-clockwise  lobes  originating 
from  three  screw  dislocations  present  near  the  center  of  the  mound.  A  more  detailed  study  of 
spiral  growth  in  mismatched  GaSb  epilayers  will  be  reported  elsewhere.^ 

Fig.  3(a)  is  an  AFM  image  of  a  /?(9n2oepitaxial  layer  of  GaSb  grown  on  a  singular  (001)  GaSb 
substrate.  The  image  also  shows  the  presence  of  ~  2  x  10^  cm--  mounds  on  the  surface.  As 
compared  to  the  mounds  on  the  mismatched  GaSb  epilayers,  the  homoepitaxial  mounds  are  not 
as  tall  and  are  larger  in  lateral  size.  Fig.  3b  is  a  high-resolution  image  of  a  mound  on  the 
homoepitaxial  layer  of  GaSb.  The  step  structure  associated  with  the  mounds  observed  on  the 
homoepitaxial  lattice-matched  GaSb  surface  is  not  spiral,  but  consists  of  concentric  rings  indica¬ 
tive  of  a  two-dimensional  growth  mode  without  the  presence  of  screw  dislocations. 


Fig.  3.(a)  5  pm  x  5  pm  AFM  image  of  a  1  pm  thick  /lomo epitaxial  epilayer  of  GaSb  grown  on  a  (001)  GaSb 
substrate.  The  bright  areas  of  the  image  are  6  nm  tall  compared  to  the  dark  areas  of  the  image.  3(b)  is  a  high- 
resolution  image  of  a  mound  on  the  homoepitaxial  surface. 


In  order  to  study  the  mismatched  AlSb  epilayers  on  (001)  GaAs  substrates  two  additional 
samples  were  grown  .  The  first  AlSb  sample  consisted  of  1  pm  thick  layer  of  AlSb  with  a  6 
monolayer  thick  GaSb  cap  employed  to  stabilize  the  surface  in  air.  Fig.  4(a)  is  an  AFM  image  of 
the  surface.  The  surface  is  smooth  compared  to  the  GaSb  epilayers,  and  does  not  have  an  “or¬ 
ange-peel”  appearance  under  any  magnification  of  the  nomarski  optical  microscope.  The  AFM 
image  shows  no  evidence  of  the  characteristic  spiral  mounds  of  the  mismatched  GaSb  epilayers. 
We  believe  that  the  absence  of  spiral  growth  in  the  AlSb  epilayers  is  a  direct  manifestation  of  the 
lower  surface-mobility  of  the  A1  adatom,  which  does  not  allow  preferential  growth  at  the  persis- 
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Fig.  4. (a)  5  Mm  x  5  Mm  AFM  image  of  a  1  Mm  thick  epilayer  of  AlSb  .  4fb)  is  an  AFM  image  of  a  100  nm  thick 
AlSb  layer  grown  on  a  1  Mm  thick  GaSb  buffer  layer.  Both  samples  w  ere  grown  on  (001 )  GaAs  substrates  and 
employed  a  a  6  monolayer  thick  GaSb  cap  layer. 


tent  step  edge  associated  with  the  screw  dislocation.  The  second  AlSb  sample  consisted  of  a 
100  nm  thick  AlSb  layer  grown  on  a  1  \im  thick  GaSb  buffer  that  provides  a  template  of  spiral 
mounds.  After  the  AlSb  layer  6  monolayers  of  GaSb  are  deposited  to  protect  the  surface.  Fig. 
4(b)  is  an  AFM  image  of  the  second  AlSb  sample  grown  on  the  GaSb  buffer.  The  surface  shows 
mounds  with  approximately  the  same  density  as  observed  in  GaSb  epilayers.  The  few  one-lobe 
spirals  that  are  observed  presumably  form  during  the  deposition  of  the  thin  GaSb  caplayer. 
Most  of  the  mounds  do  not  show  any  evidence  of  the  spiral  growth  that  was  present  in  the  GaSb 
buffer.  We  believe  that  the  AlSb  layer  grows  conformally  on  the  GaSb  surface  thereby  repro¬ 
ducing  the  “orange-peel”  structure  of  the  GaSb  buffer  layer.  However,  without  the  high  surface 
mobility  of  the  group  III  adatom,  AlSb  is  unable  to  maintain  the  spiral  step  structure  around  the 
screw  dislocations. 

We  would  like  to  acknowledge  fruitful  discussions  with  Dr.  Bauser  and  Dr.  Gossard  and  the 
support  and  encouragement  of  Dr.  Kroemer  and  Dr.  Petroff. 
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Abstract:  We  report  on  the  thermal  stability  of  Si  in  <5 -doped  GaAs  layers  on  GaAs  substrates 

with  various  orientations.  Diffusivity  is  strongly  affected  by  the  off-angle  for  a  misorieiited  (lll)A 
substrate;  the  diffusion  coefficient  for  exactly  (lll)A  is  the  smallest,  and  becomes  larger  as  the  off- 
angle  increases  in  the  [110]  or  [001]  direction.  Tliis  diffusivity  dependence  on  substrate  misorientation 
can  be  understood  by  the  step  density,  depending  on  the  off-angle.  Furthermore,  measured  diffusion 
parameters  in  GaAs(lll)A  are  found  to  differ  from  those  in  GaAs(OOl);  the  activation  energy  in 
GaAs(lll)A  is  larger  than  that  in  GaAs(OOl). 

This  study  shows  that  acceptor  Si  is  more  stable  than  donor  Si.  The  low  diffusivity  of  Si  d- 
doped  layers  on  (lll)A  makes  them  suitable  as  p-type  heavily  doped  thin  layers  in  electronic  devices. 


1.  Introduction 

Since  the  characteristics  of  semiconductor  devices  depend  strongly  on  the  final 
impurity  doping  profiles  in  the  electrically  active  region,  a  detailed  understanding  of  impuri¬ 
ty  diffusion  is  required  to  control  the  impurity  doping  profiles.  Impurity  diffusion  in  III-V 
semiconductors  has  been  studied  but  many  problems  remain  unresolved.  For  example, 
several  values  have  been  reported  for  the  diffusion  coefficient  and  activation  energy  of  Si  in 
GaAs  [1-4]. 

Silicon  is  widely  used  as  the  n-type  dopant  in  GaAs  growth  using  molecular  beam 
epitaxy  (MBE).  It  has  been  reported,  however,  that  in  GaAs  growth  on  (nll)A  substrates,  Si 
atoms  are  incorporated  as  acceptors  when  n<3  [5].  We  have  previously  reported  that  Si 
acceptors  can  be  heavily  doped  in  GaAs(lll)A  up  to  6x10^^  cm“^  [6]  and  that  Si  d-doped 
GaAs(lll)A  is  stable  compared  with  d-doped  GaAs(OOl)  [7].  These  results  are  attractive 
because  they  show  that  stable  thin  p-type  layers  can  be  grown  by  using  GaAs(lll)A  sub¬ 
strates.  However,  little  attention  has  focused  on  the  effect  of  substrate  misorientation  on  the 
diffusivity  of  Si  and  the  mechanism  for  diffusion  of  Si,  depending  on  the  occupation  site  of 
Si,  has  not  yet  been  clarified. 

In  this  article  we  report  our  investigation  on  the  thermal  stability  of  Si  atoms  in  Si  d- 
doped  GaAs  layers  on  GaAs  substrates  with  various  misorientations,  and  report  on  the 
estimation  of  the  diffusion  coefficient  and  activation  energy  of  acceptor  Si  on  (lll)A. 


2.  Experimental  procedure 

Silicon  d -doped  GaAs  layers  were  grown  in  a  Varian  Gen  II  MBE  system  on  semi- 
insulating  GaAs(lll)A  substrates  misoriented  0-55°  toward  the  [110]  or  [001]  direction. 
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The  growth  temperature  and  the  growth  rate  of  GaAs  were  600  °C  and  0.6  ^m/h,  respective¬ 
ly.  The  As^  beam  equivalent  pressure  was  3.0x10“^  Torr  and  the  AsyGa  flux  ratio  was  7.0. 
The  epitaxial  layer  consisted  of  a  200  nm  undoped  GaAs  layer,  a  Si  d-doped  GaAs  layer 
with  a  doping  concentration  of  2-4x10^^  cm~^  and  a  100  nm  undoped  GaAs  cap  layer.  Post¬ 
growth  annealing  was  performed  in  a  rapid  thermal  annealer  (RTA)  at  800  °C  for  60  sec 
under  N2  atmosphere.  During  the  anneal,  each  GaAs  sample  was  placed  upside  down  on  a 
fresh  GaAs  wafer  and  another  GaAs  cover  wafer  was  placed  on  top  in  contact  with  the 
sample  for  surface  protection.  Secondary  ion  mass  spectrometry  (SIMS)  was  used  to  meas¬ 
ure  the  Si  profiles  of  the  Si  d-doped  GaAs.  Diffusivity  was  evaluated  by  taking  the  full 
width  at  half  maximum  (FWHM)  of  the  Si  profile  for  an  as-grown  sample  and  an  annealed 
sample.  The  SIMS  analysis  was  performed  using  an  primary  beam  of  3.0  keV  impact 
energy.  These  conditions  were  selected  to  reduce  the  knock-on  effect  which  is  the  primary 
cause  limiting  the  depth  resolution  of  SIMS  profiles. 


3.  Results  and  discussion 

3.1  Substrate  misorientation  ejfects 

The  morphology  of  each  sample  was  mirrorlike  except  for  (110).  The  surface  fea¬ 
tures  for  (110)  developed  during  growth.  Figure  1  shows  the  carrier  concentration  of  as- 
grown  samples.  The  conductivity  type  for  misoriented  (lll)A  with  the  off-angle  in  the 
[001]  direction  tends  to  be  n-type  except  for  (lll)A  misoriented  5°  toward  the  [001]  direc¬ 
tion  and  (113)A,  while  that  for  misoriented  (lll)A  with  the  off-angle  in  the  [110]  direction 
tends  to  be  p-type  except  for  (331)  and  (110).  These  results  roughly  agree  with  the  results 
obtained  under  the  growth  temperature  of  630°C  except  for  (113)A  and  (331);  the  conductiv¬ 
ity  type  for  (113)A  and  (331)  are  p-type  and  n-type,  respectively.  This  result  indicates  that 
the  conductivity  type  for  (11 3) A  and  (331)  is  affected  by  the  growth  conditions,  as  reported 
previously  [8]. 


Fig.  1.  Canier  concentration  versus  off-angle  of  misoriented  GaAs(lll)A  substrate, 
for  a  Si  d-doped  GaAs  layer. 
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Figure  2  shows  the  FWHM  of  Si  profiles  taken  by  SIMS  for  as-grown  samples.  The 
FWHM  for  (110)  is  not  included  in  this  figure  because  it  was  very  large,  due  to  a  poor  sur¬ 
face  morphology.  The  FWHM  of  the  Si  profile  is  7-9  nm  for  all  samples  except  for  (112)A 
and  (001). 


(331)  {111)A  (112)A(114)A  (001) 


[110]^  Off-angle  (deg)  ->[ooi] 

Fig.  2.  FWHM  of  the  Si  profile  in  as-grown  samples  versus  off-angle  of  misorienled  GaAs(lll)A  substrate. 


To  determine  the  diffusivity  of  Si  atoms,  the  diffusion  coefficient  at  each  temperature 
was  calculated  by  means  of  the  following  expression[4]: 

Z/  =  2D^t  =  (  FWHM^^-  FWHMp^)  /  4.  (1) 

Here,  is  the  diffusion  distance,  D^.  is  the  one-dimensional  diffusivity,  and  t  is  the  anneal 
time.  FWHM^  and  FWHMg  denote  the  FWHM  of  the  Si  profile  for  an  annealed  sample  and 
an  as-grown  sample,  respectively. 

Figure  3  shows  the  relationship  between  the  diffusion  coefficient  of  Si  and  off-angle 
of  misoriented  (lll)A.  The  diffusion  coefficient  for  (110)  is  not  included  in  this  figure 
because  the  FWHM  could  not  be  evaluated  due  to  excessive  broadening  by  annealing.  The 
diffusion  coefficient  for  exactly  (lll)A  is  the  smallest,  and  becomes  larger  as  the  off-angle 
increases  in  the  [110]  or  [001]  direction  expect  for  (113)A.  Furthermore,  the  diffusion  coef¬ 
ficient  decreases  above  (221).  This  tendency  agrees  with  the  result  for  the  growth  tempera¬ 
ture  of  630°C  except  for  (113)A  and  (331)  [8].  These  results  for  (113)A  and  (331)  suggest 
that  the  diffusion  coefficient  is  affected  by  the  occupation  site  of  Si  atoms  because  the 
conductivity  type  for  (113) A  and  (331)  changes  to  the  other  type,  as  shown  in  Fig.  1. 

To  understand  the  reason  for  the  diffusion  coefficient  dependence  on  the  off-angle  of 
misoriented  (lll)A,  the  step  density  is  estimated  for  each  sample.  There  are  several  types  of 
steps  on  misoriented  (lll)A;  e.g.  the  (001)  step  induced  by  misoriented  (lll)A  with  the  off- 
angle  in  the  [001]  direction,  and  the  (110)  step  induced  by  misoriented  (lll)A  with  the  off- 
angle  in  the  [110]  direction. 

Now,  we  define  the  terrace  length  as  L.  From  this,  the  step  density  can  be  calculated  as  1/L 
when  using  the  terrace  length.  There  is  a  strong  correlation  between  the  step  density  and  the 
diffusion  coefficient;  the  coefficient  becomes  large  as  the  step  density  becomes  large.  This 
result  indicates  that  the  diffusivity  of  Si  is  proportional  to  the  step  density. 
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[111] 


[110]^  Off-angle  (deg)  ^[001] 

Fig.  3.  Diffusion  coefficient  for  Si  and  step  density  versus  off-angle  of  misoriented  GaAs(in)A  substrate. 


It  is  remarkable  that  the  diffusion  coefficient  is  strongly  related  to  the  step  density  of 
a  misoriented  substrate.  We  consider  the  diffusion  coefficient  dependence  on  step  density  to 
be  related  to  the  occupation  site  of  Si  at  the  step  on  the  misoriented  substrate.  There  are  three 
types  of  steps,  i.e.,  (001),  (110)  and  (lll)A,  on  misoriented  (lll)A  as  shown  in  Fig.  3.  Si 
atoms  are  incorporated  as  an  acceptor  on  the  (111) A  step  while  Si  atoms  are  incorporated  as 
a  donor  on  the  (001)  step  or  (110)  step.  We  have  reported  that  an  acceptor  Si  is  more  stable 
than  a  donor  Si  [8].  Therefore,  in  this  case,  the  diffusivity  of  Si  is  enhanced  by  the  presence 
of  the  (001)  step  or  (110)  step.  Initially,  the  step  density  of  the  (001)  step  or  (110)  step  in¬ 
creases  as  the  off-angle  of  misoriented  (lll)A  increases  in  the  [110]  or  [001]  direction.  As  a 
result,  the  diffusion  coefficient  of  Si  becomes  large.  But,  for  larger  misorientations,  the 
diffusion  coefficient  decreases  above  (221)  and  (113)A  because  the  (lll)A  step  appears 
from  (113)A  and  (221)  to  (001)  and  (110),  respectively,  as  shown  in  Fig.  3. 


3.2  Diffusion  coefficient  and  activation  energy  of  acceptor  Si  on  (U1)A 

To  determine  the  diffusion  parameters,  after  being  encapsulated  with  SiN,  post¬ 
growth  annealing  was  additionally  performed  (  in  the  RTA  at  750-950  °C  for  60  sec  under 
N2  atmosphere  ).  The  temperature  dependence  of  the  diffusion  coefficient  of  Si  d-doped 
gIas  layers  on  (111) A  and  (001)  is  shown  in  Fig.  4.  The  activation  energies  of  Si  diffusion 
in  the  (lll)A  and  (001)  samples  (  determined  from  an  Arrhenius  plot  )  are  =  2.74  eV 

and  E  .  .  =  2.48  eV,  respectively.  The  extrapolated  diffusion  coefficients  at  T  -*►  00  in 

(lll)A  and  (001)  are  =  l.WxlO'^  cmVsec  and  =  3.46x10"^  cmVsec,  respec¬ 

tively. 
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1000”C  900°C  800°C  700°C  600°C 


Fig.  4.  Arrhenius  plot  of  the  diffusion  coefficient  for  Si  (5-doped  GaAs  layers 
grown  on  GaAs(lll)A  and  GaAs(OOl). 


As  shown  in  Fig.  4,  the  diffusion  coefficient  of  the  (001)  sample  is  larger  than  that  of  the 
(111) A  sample  in  this  temperature  range.  Furthermore,  the  activation  energy  of  the  (111) A 
sample  is  larger  than  that  of  the  (001)  sample.  These  results  indicate  that  Si  d-doped  GaAs 
layers  grown  on  a  (111) A  substrate  are  more  stable  than  the  same  layers  grown  on  a  (001) 
substrate.  Our  results  for  the  (001)  sample  are  in  agreement  with  the  values  of 
Do(qoi)  =  4x10"'^  cm^/sec  and  E^^ooi)  ”  reported  by  Schubert  et  al  [3]. 

We  consider  that  the  activation  energy  of  acceptor  Si  differs  from  that  of  donor  Si, 
and  that  the  difference  in  activation  energy  between  acceptor  Si  and  donor  Si  is  related  to  the 
occupation  of  the  neighboring  lattice  sites,  i.e.,  acceptor  Si  is  surrounded  by  Ga  atoms,  while 
donor  Si  is  surrounded  by  As  atoms.  Therefore,  acceptor  Si  has  Si-Ga  bonds  and  donor  Si 
has  Si- As  bonds.  Accordingly,  for  Pauling's  model  [9],  the  binding  energy  of  Si-Ga  and  that 
of  Si-As  are  2.13  eV  and  1.65eV,  respectively.  These  indicate  that  acceptor  Si  is  more  stable 
than  donor  Si  because  Si-Ga  bonds  are  stronger  than  Si-As  bonds.  From  the  discussion 
above,  the  most  stable  situation  for  a  Si-doped  GaAs  layer  is  reached  when  all  of  the  Si 
atoms  are  in  As  sites. 

We  think  that  Si  d-doped  GaAs  layers  grown  on  GaAs(lll)A  substrates  are  suitable 
for  application  in  electronic  devices,  such  as  heterojunction  bipolar  transistors  (HBTs),  that 
require  p-type  heavily  doped  thin  layers  with  low  diffusivity. 


4.  Conclusions 

In  this  study,  it  was  found  that  diffusivity  is  strongly  affected  by  the  off-angle  of 
misoriented  (111) A;  the  diffusion  coefficient  for  exactly  (111) A  is  the  smallest,  and  becomes 
large  as  the  off-angle  increases  in  the  [110]  or  [001]  direction.  This  diffusivity  dependence 
on  the  off-angle  can  be  understood  by  the  density  of  the  step,  which  is  caused  by  substrate 
misorientation.  It  was  also  found  that  the  diffusion  parameters  in  (lll)A  differ  from  those  in 
(001);  the  activation  energy  in  (lll)A  is  larger  than  that  in  (001). 
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Abstract.  We  have  investigated  the  Al/Ga  atom-exchange  phenomenon  at  an  AlAs/GaAs 
interface  fonned  by  an  alternating  supply  of  A1  and  AS4  in  molecular  beam  epitaxy.  The  surface 
composition  during  interface  formation  was  measured  in  situ  using  coaxial  impact  collision  ion 
scattering  spectroscopy,  and  the  structure  of  the  fonned  interface  was  examined  by  cross-sectional 
transmission  electron  microscope.  By  varying  the  amount  of  A1  atoms  per  cycle  in  an  alternating 
source  supply,  we  found  that  an  Al/Ga  atom-exchange  occurs  when  excess  A1  atoms  which  have 
no  bonds  with  As  atoms  exist  on  the  surface  during  interface  foimation,  while  an  abrupt  interface 
is  formed  under  the  As-rich  growth  condition.  This  result  suggests  that  the  bonding  of  A1  atoms 
to  As  atoms  on  the  growing  surface  is  important  for  obtaining  a  well -controlled  AlAs/GaAs 
hetero interface  without  an  atom -ex change  at  the  interface. 


1.  Introduction 

Heterointerfaces  controlled  on  the  atomic  scale  are  required  for  achieving  higher 
performance  of  quantum  devices.  For  heterointerface  systems  of  III-V  compound 
semiconductors,  such  as  AlAs/GaAs  and  GaAs/InAs,  the  atom -exchange  between  the  epitaxial 
layer  and  the  substrate  during  growth  is  one  of  the  most  essential  issues  for  controlling  the 
abruptness  of  the  interfaces  on  the  atomic  scale.  We  have  studied  the  GaAn  atom-exchange 
at  the  GaAs/InAs  interface  using  coaxial  impact  collision  ion  scattering  spectroscopy 
(CAICISS),  and  showed  that  a  Ga/In  atom-exchange  occurs  more  frequently  under  a  lower 
arsenic  pressure  [1].  This  result  suggests  that  the  III/V  ratio  on  the  surface  is  an  important 
factor  for  controlling  such  an  atom-exchange  phenomenon  at  the  interface. 

In  this  study,  we  investigated  the  Al/Ga  atom-exchange  at  an  AlAs/GaAs  interface 
formed  by  an  alternating  supply  of  A1  and  AS4,  as  a  function  of  the  III/V  ratio  on  the  surface 
during  growth.  The  ratio  of  A1  to  As  atoms  on  the  GaAs  surface  was  varied  by  changing  the 
amount  of  A1  atoms  deposited  per  cycle.  The  processes  of  Al/Ga  atom-exchange  are 
discussed  based  on  the  results  of  real-time  observations  by  CAICISS  and  structural  analyses 
by  cross-sectional  transmission  electron  microscope  (XTEM). 
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2.  Experimental 

Crystal  growth  and  CAICISS  measurements  were  carried  out  in  a  molecular  beam 
epitaxy  (MBE)  chamber  equipped  with  a  CAICISS  analyzer  [2].  GaAs(OOl)  substrates  were 
first  dipped  into  H2SO4,  rinsed  in  deionized  water,  and  introduced  to  a  growth  chamber 
through  a  loading  chamber.  The  substrates  were  heated  to  620  °C  under  an  AS4  flux  to 
remove  native  oxides,  and  subsequently  GaAs  buffer  layers  of  about  200  nm  were  grown  by 
conventional  MBE  at  550  °C.  The  GaAs  surface  was  then  alternately  irradiated  with  A1  and 
AS4  beams.  The  A1  beam  was  supplied  at  a  rate  of  0.1  monolayer  (ML)/s.  The  amount  of 
A1  atoms  per  cycle  was  varied  from  1  to  5  ML. 

CAICISS  measurements  were  carried  out  in  situ  during  the  growth  of  AlAs  for 
measuring  the  surface  composition.  A  pulsed  He^  ion  beam  of  2  keV  was  incident  on  the 
sample,  parallel  to  the  (100)  plane  with  an  incident  angle  of  12°  from  the  surface.  Back- 
scattered  He  particles  (mainly  neutrals)  were  detected  by  a  micro-channel-plate,  which  was 
located  on  the  same  axis  as  the  incident  beam.  XTEM  observations  were  performed  for 
examining  the  structure  of  the  AlAs/GaAs  interfaces. 


3.  Results 


First,  we  compared  two  different  growth  processes  for  5  ML- AlAs  layers  on  GaAs 
substrates,  in  which  the  ALAs  layers  were  grown  by  an  alternating  supply  of  5  cycles  of  1 
ML-Al  and  AS4  (Sample  A)  and  1  cycle  of  5  ML~A1  and  AS4  (Sample  B).  These  samples 
were  grown  at  550  °C.  Figures  1  (a)  and  (b)  show  the  time-resolved  variations  in  the 
scattering  intensity  of  a  He^  ion  beam  from  both  As  and  Ga  atoms  during  ALAs/GaAs 
interface  formation  in  cases  of  Samples  A  and  B,  respectively.  In  Fig.  1  (a),  the  scattering 
intensity  decreases  during  A1  supply,  and  maintains  an  almost  constant  value  during  AS4 
supply  until  the  third  cycle  of  the  source  supply,  then  the  intensity  saturates  for  further 
growth.  The  decrease  in  the  scattering  intensity  observed  here  is  interpreted  as  the  decrease 
in  the  scattering  from  Ga  atoms  [3].  The  value  of  the  saturated  intensity  for  more  than  3 
ML- AlAs  growth  is  about  half  of  that  from  the  GaAs  surface.  This  result  means  that  Ga 
atoms  are  hidden  by  the  AlAs  layer  and  the  scattering  intensity  becomes  that  due  to  scattering 
from  only  As  atoms.  The  detectable  depth  in  the  present  CAICISS  measurement  is  about  3 
ML  [3].  Therefore,  the  result  in  Fig.l  (a)  indicates  that  an  abrupt  AlAs/GaAs  interface  was 
formed  by  layer-by-layer  growth  of  AlAs  in  Sample  A. 

In  Fig.  1  (b),  the  scattering  intensity  decreases  while  A1  atoms  are  supplied  to  the 
surface  and  rapidly  increases  immediately  after  AS4  supply.  The  value  of  the  scattering 
intensity  after  5  ML- AlAs  growth  is  higher  than  that  of  Sample  A  shown  in  Fig.  1  (a).  This 
result  indicates  that  Ga  atoms  still  exist  at  a  depth  that  is  detectable  by  CAICISS.  This 
suggests  that  Al/Ga  atom-exchange  occurred  between  the  grown  layer  and  substrate  in 
Sample  B.  The  processes  of  Al/Ga  atom-exchange  are  discussed  in  the  section  4. 
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Figure  1  Time-resolved  variations  in  the  scattering  intensity  of  a  He"^  ion  beam  fiom  both  As  and  Ga 
atoms  during  AlAs/GaAs  interface  formation.  Figs.  1  (a)  and  (b)  conespond  to  the  cases  where  5  ML- 
AlAs  layers  were  grown  by  an  alternating  supply  of  5  cycles  of  1  ML-Al  and  As^  and  1  cycle  of  5  ML- 
A1  and  As^,  respectively. 


Figures  2  (a)  and  (b)  show  RHEED 
patterns  of  the  surfaces  after  the  growth  of 
a  5  ML-AlAs  layer  of  Sample  A  and  B, 
respectively.  In  the  case  of  Sample  A  (Fig. 
2  (a)),  the  RHEED  pattern  does  not  show  a 
clear  surface  reconstruction,  although  a  faint 
twofold  pattern  is  observed  for  an  incidence 
from  the  [110]  direction.  On  the  other 
hand,  a  clear  (2x4)  pattern  can  be  seen  from 
Sample  B  (Fig.  2  (b)).  This  difference  in 
the  RHEED  patterns  also  shows  difference 
in  the  growth  processes  between  Samples  A 
and  B.  Figures  2  (c)  and  (d)  show  RHEED 
patterns  of  the  surfaces  of  a  200  nm  thick 
GaAs  layer  and  a  200  nm  thick  ALAs  layer 
on  GaAs  substrates  grown  by  conventional 
MBE  at  550  °C,  respectively.  The  RHEED 
patterns  of  GaAs  and  ALAs  surfaces  show 
(2x4)  and  (3x1)  reconstructions, 
respectively.  The  fact  that  the  (2x4)  pattern 
was  observed  on  the  surface  of  Sample  B 
(Fig.  2  (b))  strongly  suggests  that  an 
(Al)GaAs  layer  was  formed  on  the  surface, 
which  is  in  good  agreement  with  the  result 
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Figure  2  RHEED  patterns  of  the  surfaces  after 
5  ML-AlAs  layers  were  grown  on  GaAs  by  the 
alternating  supply  of  5  cycles  of  1  ML-A  and 
AS4  (a)  and  1  cycle  of  5  ML-A  and  As^  (b). 
Figs.  2  (c)  and  (d)  show  the  RHEED  patterns  of 
the  surfaces  of  a  200  nm  thick  GaAs  layer  and  a 
200  nm  thick  ALAs  layer  on  GaAs  grown  by 
conventional  MBE. 
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that  the  contribution  from  Ga  atoms  was 
detected  in  a  CAICISS  measurement  for 
Sample  B.  The  reason  why  the  (3x1) 
pattern  was  not  observed  from  the  surface  of 
Sample  A  (Fig.  3  (a))  is  not  clearly 
understood.  We  speculate  that  this  is  due  to 
the  fact  that  the  AlAs  film  is  extremely  thin 
(5  ML). 

Next,  the  structure  of  AlAs/GaAs 
interfaces,  where  AlAs  layers  were  grown 
by  alternating  source  supply  of  various 
amounts  of  A1  atoms,  was  compared  by 
XTEM.  The  samples  used  for  XTEM 
observations  were  grown  at  400  °C.  Figures 
3  (a),  (b),  (c)  and  (d)  show  the  XTEM 
images  of  GaAs/AlAs/GaAs  structures, 
where  the  amount  of  A1  atoms  per  cycle 
was  1,  2,  3  and  4  ML,  respectively.  The 
number  of  cycles  in  the  alternating  source 
supply  was  12,  6,  4  and  3,  respectively,  thus 
the  total  amount  of  A1  atoms  was  kept 
constant  at  12  ML  for  these  four  samples. 
The  shutter  sequences  during  growth  of 
AlAs  layers  are  also  shown  in  Fig.  3.  In 
Figs.  3  (a)  and  (b),  the  AlAs  layers  are  seen 
as  continuous  "white"  lines  with  a  thickness 
of  about  3.3  nm  (12  ML)  located  between 
the  "black"  GaAs  regions.  Each  interface  of 
AlAs/GaAs  is  very  clear,  indicating  that  an 
abrupt  interface  was  formed  under  these 
growth  conditions. 

On  the  other  hand,  in  Figs.  3  (c)  and 
(d),  black  lines  can  be  clearly  seen  in  both 
AlAs  layers.  The  positions  of  the  most 
distinct  black  line  in  the  AlAs  layers  are  at 
depths  of  about  1/4  and  1/3  in  the  AlAs 
layers  from  the  AlAs/GaAs  interface  in 
Figs.  3  (c)  and  (d),  respectively. 

Considering  that  the  number  of  cycles  in  the 
source  supply  is  4  and  3,  respectively,  the 
black  line  is  located  at  the  positions  where 


1  ML  ' 


(a)  (1  ML  -  Al,  As4)  X  12  cycles 


(b)  (2  ML  -  Al,  As4)  X  6  cycles 


3  ML 


(c)  (3  ML  -  Al,  As4)  X  4  cycles 


(d)  (4  ML  -  Al,  As4  )  X  3  cycles 


Figure  3  Cross-sectional  TEM  images  of 
GaAs/ AlAs/GaAs  stmctures.  12  ML-AlAs  layers 
were  grown  by  the  alternating  supply  of  12  cycles 
of  1  ML-Al  and  As^  (a),  6  cycles  of  2  ML-Al 
and  As4  (b),  4  cycles  of  3  ML-Al  and  AS4  (c)  and 
3  cycles  of  4  ML-Al  and  As4  (d). 
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were  the  sample  surfaces  just  after  the  first  cycle  in  source  supply.  Taking  into  account  that 
the  results  of  the  CAICISS  and  RHEED  observations  showed  the  existence  of  Ga  atoms  when 
the  AlAs  layer  was  grown  by  an  alternating  supply  of  excess  AI  atoms  and  As4(Fig.  1  (b)  and 
Fig.  2  (b)),  the  black  lines  in  the  AlAs  layers  observed  in  the  TEM  images  are  thought  to  be 
(Al)GaAs  layers.  Such  (Al)GaAs  layers  were  not  observed  in  cases  where  the  amount  of  Al 
atoms  per  cycle  is  less  than  2  ML  (Figs.  3  (a)  and  (b)).  These  results  indicate  that  there 
exists  a  threshold  for  the  amount  of  Al  that  induces  an  Al/Ga  atom- exchange  at  the  interface. 
The  TEM  images  also  show  that  the  Ga  atoms  did  not  become  uniformly  distributed  in  the 
grown  layer  but  preferentially  located  on  the  surface  after  growth. 


4.  Discussion 

In  the  previous  section,  we  showed  that  Al/Ga  atom -exchanges  occur  under  certain 
growth  conditions.  Here,  we  discuss  the  processes  of  the  Al/Ga  atom-exchange  during 
interface  formation.  In  the  TEM  images  shown  in  Fig.  3,  the  black  lines  which  are 
interpreted  as  being  (Al)GaAs  layers  are  formed  when  the  amount  of  Al  atoms  per  cycle  is 
more  than  2  ML.  From  this  result,  we  found  that  Al/Ga  atom- exchange  is  promoted  when 
the  amount  of  Al  atoms  per  cycle  is  more  than  2  ML  at  a  growth  temperature  of  400  °C. 
Under  this  growth  condition,  the  RHEED  pattern  of  the  GaAs  surface  before  AlAs  growth 
showed  the  c(4x4)  reconstruction.  It  is  known  that  the  c(4x4)  reconstructed~GaAs(001) 
surface  is  formed  with  an  As-coverage  of  1.75  ML  [4].  When  Al  atoms  of  over  2  ML  are 
supplied  on  the  c(4x4)  GaAs  surface,  there  would  exist  excess  Al  atoms  which  would  not 
make  bonds  with  As  atoms  on  the  surface.  We  consider  these  excess  Al  atoms  are  free  to 
exchange  with  Ga  atoms  in  the  substrate,  resulting  in  the  promotion  of  an  Al/Ga  exchange 
at  the  interface. 

In  Fig.  1  (b),  the  scattering  intensity  decreases  during  the  supply  of  5  ML-Al  atoms, 
which  implies  that  the  AlAs  layer  grows  while  supplying  Al  atoms  in  spite  of  no  supply  of 
AS4.  This  suggests  that  excess  Al  atoms  immediately  exchange  with  Ga  atoms  in  the  GaAs 
substrate  and  bond  with  As  atoms,  resulting  in  the  formation  of  an  AlAs  layer  on  the  surface. 
Morishita  et  al.  observed  by  micro-probe  RHEED  that  Ga  droplets  are  formed  on  the  surface 
when  excess  Al  atoms  are  supplied  onto  a  GaAs(lll)  surface  caused  by  an  Al/Ga  atom- 
exchange  [5].  Although  there  is  a  difference  in  the  growth  conditions  between  their 
experiments  and  ours,  the  above-mentioned  fact  concerning  the  formation  of  Ga  droplets 
strongly  supports  our  consideration.  The  rapid  increase  in  the  scattering  intensity  immediately 
after  the  supply  of  AS4  in  Fig.  1  (b)  indicates  that  the  Ga  atoms  which  already  existed  on  the 
surface  by  Al/Ga  exchange  reacted  with  AS4  and  rapidly  formed  (Al)GaAs  layer  on  the 
surface.  This  can  explain  the  preferential  existence  of  Ga  atoms  that  is  seen  as  black  lines 
in  the  TEM  images  shown  in  Figs.  3  (c)  and  (d). 
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5.  Conclusion 

We  investigated  the  Al/Ga  atom -exchange  at  an  AlAs/GaAs  interface  formed  by  an 
alternating  source  supply.  We  found  that  this  exchange  occurs  when  excess  A1  atoms  which 
do  not  have  bonds  with  As  atoms  exist  on  the  surface  during  interface  formation.  This  result 
suggests  that  the  bonding  of  A1  atoms  to  As  atoms  on  the  growing  surface  is  important  for 
obtaining  a  well -controlled  AlAs/GaAs  heterointerface  without  an  atom -exchange  at  the 
interface. 
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Excitons  as  a  Probe  of  Interfacial  Defects  in  GaAs/AlAs  Short- 
Period  Structures 
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J.  Klem 

Sandia  National  Laboratories,  Albuquerque,  NM  87185 

We  have  measured  the  time-  and  space-resolved  photoluminescence  of  excitons  in  type-II 
GaAs/AlAs  structures.  We  find  that  these  excitons  are  localized  at  the  heterointerfaces  at  low 
temperatures  (difiusivity,  D  =  10"^  cm^'/s  at  1.8  K)  and  are  highly  mobile  at  higher  temperatures 
(D  =  10  cm^/s  at  30  K).  Thus,  photoluminescence  lineshapes  are  indicative  of  heterointerfacial 
roughness.  We  have  modeled  our  transport  and  kinetics  results  in  terms  of  a  motionally-averaged 
nonradiative  decay  at  heterointerfacial  defects.  Comparison  of  our  model  with  experiment  yields 
nonradiative  heterointerfacial  defect  sheet  densities  ranging  from  10°  to  10  ^  cm“^. 

I.  Introduction. 

Interfacial  structure  of  semiconductor  heterostructures  is  of  considerable  interest  both 
scientifically  and  technologically.  This  microscopic  heterointerfacial  structure  is  scientifically 
interesting  from  the  standpoint  of  understanding  the  kinetics  and  thermodynamics  of  epitaxial 
growth  and  its  correlation  with  the  observed  optical  and  electrical  properties. 
Technologically,  this  interest  arises  from  the  incorporation  of  hetero structures  in  a  plethora  of 
semiconductor  devices.  Furthermore,  the  physics  of  carriers  (electrons,  holes,  or  excitons) 
often  involves  an  interaction  between  these  carriers  and  a  heterointerface,  and  this  interaction 
may  have  a  profound  influence  on  actual  device  performance.  For  these  reasons  scientists 
have  developed  a  vast  array  of  experimental  techniques  for  examining  heterointerfacial 
structure.  These  techniques  include:  Photoluminescence  spectroscopy  (PL),[1] 

Cathodoluminescence,[21  Hall  Transport  Measurements,  [3]  Scanning  Tunneling  Microscopy 
(STM), [4]  and  Atomic  Force  Microscopy  (AFM),[5]  etc..  However,  there  is  not  a  one-to- 
one  correspondence  between  the  results  of  these  experimental  techniques  since  they  are  not 
all  sensitive  on  the  same  length  scale  and  do  not  measure  the  same  quantity.  For  example, 
STM  and  AFM  measurements  yield  microscopic  structural  information,  whereas  Hall 
transport  measurements  only  yield  scattering  times  from  which  the  scale  of  any 
heterointerfacial  roughness  is  difficult  to  determine.  [6]  PL  measurements  also  allow 
determination  of  interfacial  roughness,  but  only  on  a  length  scale  of  the  order  of  the  effective 
size  of  the  recombining  species,  which  for  excitons  is  many  lattice  sites.  In  this  study  we 
have  used  the  PL  emission  from  excitons  in  type-II  GaAs/AlAs  heterostructures  to  probe  the 
heterointerfacial  roughness  and  defects  in  these  types  of  structures.  Our  results  provide  a 
correlation  between  the  excitonic  transport  properties,  optical  emission  properties,  and 
structural  roughness  and  defect  properties  on  a  length  scale  of  ~  100  A. 

In  our  study[7]  we  have  chosen  to  examine  the  heterointerfacial  properties  of  type-II 
short-period  GaAs/AlAs  structures  in  preference  to  other  GaAs/AlAs  structures  because 
type-II  excitons  actually  straddle  the  heterointerface,  whereas  excitons  reside  between 
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Fig.  1.  cw  PL  spectra  taken  at  10  K  after  laser  excitation  at  4186 
A.  Spectra  were  offset  vertically  for  clarity. 

momentum- Space. 


heterointerfaces  in  type-I  quantum- 
wells,  and  may  not  even  come  into 
contact  with  a  heterointerface  in 
significantly  thicker  GaAs  structures.  It 
is  well-known  that  short-period 
GaAs/AlxGai_xAs  superlattices  or 
quantum  wells  may  be  made  type-II 
through  appropriate  choice  of  both  well 
and  barrier  layer  thicknesses.  In  this 
materials  system,  a  type-II  structure 
manifests  itself  with  the  hole  residing  at 
the  r  point  of  the  GaAs  layers,  and  the 
electron  residing  at  the  X  conduction- 
band-edges  of  the  Al^Gaj.xAs  layers. 
Specifically  for  the  (GaAs)jji/(AlAs)n 
system,  this  may  occur  for  GaAs-layer 
thicknesses  <35A(m<13)  and  AlAs- 
layer  thicknesses  >  15  A  (n  >  6).  [8] 
Excitons  in  these  type-II  systems  are 
thus  indirect  in  real-space  and  in 


n.  Experiment. 

We  have  performed  PL,  PL  time-decay,  time-resolved  PL,  and  time-resolved  PL- 
imaging  experiments  in  an  effort  to  elucidate  the  interaction  between  excitons  and 
heterointerfaces.  In  order  to  measure  excitonic  transport  we  have  resorted  to  an  all-optical 
analog  of  the  classic  Haynes- Shockley  experiment,  whereby,  excitonic  PL  is  spatially  and 
temporally  resolved.  [9]  Our  technique  relies  on  confocal  laser  excitation  and  imaging  of  the 
photoexcited  excitons.  PL  was  excited  by  a  cw  mode-locked  Ti^'*';Al203  laser  which  was 
frequency  doubled  and  pulse-picked  to  lower  the  repetition  rate.  With  this  experimental 
arrangement,  near  diffraction-limited  laser  spot  sizes  (~  3  pm)  are  achievable,  with  a  temporal 
and  spectral  resolution  of  ~  50  ps  and  ~  0, 1  meV,  respectively. 

The  samples  used  in  this  study  were  undoped  MBE-prepared  GaAs/AlAs 
superlattices.  GaAs  layers  in  all  samples  are  nominally  30  A  thick  and  the  AlAs  layers  range 
from  20  to  80  A.  All  samples  were  grown  at  600  °C  with  interrupts  of  30  s  at  each  interface, 
and  were  grown  on  top  of  a  1  pm  GaAs  buffer  layer. 


m.  Results. 

Figure  1  shows  the  cw  PL  spectra  of  3  samples  at  10  K  taken  under  nearly  identical 
conditions.  Samples  with  narrow  AlAs  layer  thicknesses  (20  and  50  A)  exhibit  strong  no¬ 
phonon  E-X^  transitions  and  weaker  phonon  replicas.  Samples  with  thicker  AlAs  layer 
thicknesses  (>  65  A)  show  a  weaker  no-phonon  E-Xx^y  emission  line  and  more  intense 
phonon  replicas  relative  to  the  no-phonon  line.  We  find  that  the  no-phonon  emission  lines  do 
not  change  appreciably  with  increasing  temperature  -  peak  position  is  temperature 
independent,  and  linewidth  increases  only  moderately.  However,  PL  intensities  taken  with 
pulsed  excitation  (at  a  repetion  rate  slower  than  the  longest  lifetime)  decrease  drastically  with 
increasing  temperature. 

PL  time  decays  of  the  no-phonon  emission  are  extremely  long  and  nonexponential  at 
low-temperatures  and  decrease  and  become  rigorously  exponential  with  increasing 
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temperature.  We  find  low-temperature 
lifetimes  (taken  from  the  exponential 
tail  of  the  PL  decays)  ranging 
systematically  with  AlAs  layer  thickness 
from  650  ns  to  4  ms.  At  30  K  all  PL 
decays  are  similar  with  lifetimes  from  4 
to  40  ns. 

Time-  and  spatially-resolved  PL 
imaging  measurements  versus 
temperature  were  performed  in  order  to 
quantify  the  transport  properties  of 
these  type-II  excitons.  We  find 
diffusivities  ranging  from  10"^  to  100 
cm^/s  from  1.8  to  50  K,  increasing 
monotonically  with  increasing 
temperature  for  all  samples.  These 
results  confirm  that  these  excitons  are 
localized  at  the  heterointerfaces  at  low 

temperatures  and  are  thermally  activated 
at  higher  temperatures.  [7]  Thus,  PL 
lineshapes  are  indicative  of  heterointerfacial  roughness  induced  localization.  [10]  These 
kinetic  and  transport  results  are  summarized  in  Fig.  2. 

IV.  Discussion. 

These  results  imply  the  existence  of  a  strongly  temperature-dependent  nonradiative 
decay.  [11,12]  We  have  arrived  at  a  microscopic  model  for  motionally-averaged  nonradiative 

decay  for  these  type-II  excitons  in  order  to 
quantify  heterointerfacial  nonradiative 
decay.  [13]  Our  model  involves  the  2- 
dimensional  random  walk  of  excitons  along  the 
heterointerfaces.  At  some  point  these  excitons 
may  encounter  a  nonradiative  defect  and  be 
annihilated,  emitting  phonons.  Thus,  the 
transport  and  kinetic  properties  become  coupled. 
This  model  is  shown  schematically  in  Fig.  3. 
Using  this  model  together  with  the  Klein,  Cohen, 
and  Sturge  theory [14]  for  radiative  decay  of 
localized  excitons  in  a  disordered  system,  we 
may  then  compare  our  theory  to  our 
experimental  results.  Fig.  4  shows  our  measured 
and  calculated  nonradiative  decay  rates  versus 
diffusivity.  From  this  model  we  may  extract  the 
quantity  r2/ri.  Here  2r2  is  the  average  distance 
between  nonradiative  defects  and  2ri  is  the  capture  cross-section.  Using  excitonic 
wavefunctions  calculated  by  Cen  et  al.[15]  and  assuming  point-defects  as  the  nonradiative 
defects,  we  may  calculate  the  average  distance  between  defects,  and  hence  their 
concentration.  We  find  nonradiative  defect  sheet  densities  of  4x10^,  1x10^,  and  1x10^  cm"^ 
for  samples  with  20  A,  50  A,  and  80  A  AlAs  layer  thicknesses,  respectively. 


GaAs/AlAs  Heterointerface 


Fig.  3.  Microscopic  model  of  motionally-averaged 
nonradiative  decay.  Excitons  undergo  random-walk 
until  they  encounter  a  heterointerfacial  defect  and 
subsequently  decay  nonradiatively. 


Fig.  2.  Diffusivities  (Solid  Symbols)  and  Lifetimes  (Open 
Symbols)  versus  temperature  and  versus  AlAs  layer  thickness. 


354 


^  10-' 


_  We  have  also  calculated  the 

diffusion  length  (L^  =  ^/Dx )  from  our 
results.  We  find  diffusion  lengths  on 
the  order  of  3  |j,m,  in  excellent 
agreement  with  the  nonradiative 
defect  densities  derived  from  our 
model.  At  this  point,  we  may  only 
speculate  as  to  the  nature  of  these 
defects.  We  believe  that  possible 
candidates  are  heterointerfacial 
vacancies  or  heterointerfacially 
incorporated  oxygen.  [16] 

V.  Conclusions. 

In  summary  we  report  here  a 
direct  observation  of  the  temperature- 
10-'^  10-'’  10-'°  10-^  10-"  10-’  dependent,  spatial  localization  of 

D  (cm^/ns)  cross-interface  excitons  in  type-II 

superlattices.  Our  results  suggest  the 
^  ^  ,  ,  ,  .  j  4  1  14  the  PL  lineshape  is  indicative  of 

Fig.  4.  Comparison  of  model  calculation  and  experimental  results,  _  ^  •  j  j 

nonradiative  decay  rate  versus  diffusivity.  heterointerface  roughneSS  induced 

localization.  We  have  also  developed  a  quantitative  model  relating  the  excitonic  decay 
kinetics  to  their  transport.  Our  model  accurately  predicts  the  observed  PL  decay  kinetics 
using  the  measured  diffusivities.  From  this  model  we  may  characterize  the  heterointerface 
quality  in  terms  of  the  density  of  nonradiative  traps,  which  for  these  samples  range  from  10^ 
to  10^  cm-^.  Thus,  we  have  utilized  excitons  in  type-II  structures  to  probe  the  roughness  of 
heterointerfaces  and  defects  incorporated  at  heterointerfaces. 
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Abstract.  Microroughness  on  so-called  atomically  smooth  heterointerfaces  of 
narrow  quantum  wells  (QW)  has  been  analyzed  by  photoluminescence  (PL)  and  PL 
excitation  (PLE)  spectroscopies.  Different  conditions  of  the  normal  heterointerfaces 
were  produced  by  fractional  interruption  of  RHEED  oscillation  in  MBE  growth.  PL 
and  PLE  clearly  present  the  peaks  with  the  monolayer  flat  interface,  while  PL  of 
different  growth  interruption  fits  well  with  a  theoretical  model  introducing 
perturbation  due  to  submonolayer  fluctuation.  The  result  shows  that  flat  islands 
may  extend  out  to  a  lateral  dimension  larger  than  the  exciton  diameter  (Dx).  But, 
the  island  may  be  composed  of  microroughness  much  smaller  than  Dx,  and  the 
microroughness  may  be  detected  as  the  averaged  alloy  composition  in  PL. 


1.  Introduction 

Recently  the  microscopic  structure  of  the  heterointerface  has  attracted  interest  in 
numerous  reports  related  to  the  so-called  monolayer- flat  or  atomically  smooth 
interface[l-3].  In  this  work,  the  results  of  photoluminescence  (PL)  and  PL 
excitation  (PLE)  spectroscopic  analysis  on  quasi-two  dimensional  single 
quantum  weUs  (QW)  with  different  normal  heterointerface  structures  is  reported. 
The  results  show  that  the  microroughness,  which  extends  out  much  less  than 
an  exciton  diameter,  shifts  the  ground  sublevel  spectra  by  a  fraction  of  the 
monolayer  (ML)  difference  in  QW  width  (Lz).  The  submonolayer  is  detected  as 
if  there  is  an  alloy  compositional  fluctuation  at  the  interface  in  the  excitonic 
recombination  spectroscopy. 


2.  Experiment 

Total  of  13  samples  with  45°  reflection  high  energy  electron  diffraction  (RHEED) 
phase  separation  were  prepared  with  the  growth  interruption  primarily  aimed  at 
13  ML  oscillation.  In  the  molecular  beam  epitaxial  growth  of  GaAs-Alo.25Gao.75As 
QW,  the  microscopic  interfacial  structure  of  the  normal  interface  was  varied  by 
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Fig.  1:  Typical  (a)  PL  and  (b)  PLE 

spectrum  of  single  QW  sample 


Fig.  2:  PL  spectrum  of  MQW  sample 


interrupting  the  growth  at  various  phases  of  RHEED  intensity  oscillation,  while 
the  inverted  interface  was  maintained  so  as  to  be  atomically  smooth.  At  both 
interfaces  the  growth  was  interrupted  for  2  minutes.  In  addition,  a  multiquantum 
well  (MQW)  sample,  which  consists  of  10  QWs  of  Lz=12  ML,  plus  one 
outermost  QW  intentionally  overgrown  by  about  0.4  monolayer,  i.e.  the  RHEED 
phase  at  the  interruption  of  135°,  was  prepared.  Each  QW  was  separated  by 
200A  Alo.5Gao.5As  barriers.  The  growth  temperature  was  600”C,  and  the  growth 
rate  was  0.5  ^m/hr  for  GaAs.  The  PL  and  PLE  were  performed  at  20  K. 


3.  Data  and  Results 

In  Fig.  1,  typical  PL  and  PLE  spectra  of  the  sample  growth -interrupted  at 
RHEED  phase  of  45°  are  shown  in  (a)  and  (b),  respectively.  In  PL,  four  distinct 
peaks  with  the  most  intense  13  ML  one  and  three  side  peaks  from  11,  12  and 
14  ML,  indicate  that  the  lateral  extends  are  said  to  be  larger  than  the  exciton 
diameter[l].  In  PLE,  there  are  a  total  of  7  peaks;  the  solid  and  open  arrows  are 
related  to  heavy-  and  light-hole  excitons  of  11,  12,  and  13  ML,  respectively, 
and  the  rest  related  to  an  excited  excitonic  state.  The  PL  of  MQW  sample  is 
shown  in  Fig.  2.  The  photon  energies  of  PL  peaks  from  13  samples  in  steps  of 
45°  RHEED  phase  are  summarized  in  Fig.  3. 

The  ground  state  transition  was  computed  with  the  sublevel  separation 
using  envelope  function  approximation  (EFA)  and  the  estimated  low -dimensional 
confined  exciton  binding  energy[4].  The  parameters  used  in  EFA  calculation  are 
the  same  as  in  Ref.  4.  If  a  rectangular  barrier,  whose  height  equals  the  same 
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Fig.  3:  Summary  of  PL  peak  positions  of  single  QW  samples.  The 

solid  line  is  theoretical  line  calculated  by  EFA  and  perturbation, 
and  the  dotted  lines  are  guides  for  integer  monolayer. 


fractions  of  Alo.25Gao.75As  barrier  as  that  of  RHEED  phase  and  whose  width  of 
1  ML,  is  introduced  as  perturbation  at  the  normal  interface  site,  the  change  of 
ground  state  transition  becomes  linear  as  shown  in  Fig.  3.  Notice  that  most  of 
the  PL  peaks  lie  in  the  vicinity  of  the  theoretical  line.  Since  the  separation  of 
PL  peaks  of  a  given  sample  is  almost  the  same  as  the  energy  difference  of 
ALz=l  ML,  that  is,  the  spectra  are  so-called  quantized,  QWs  in  this  work  have 
large  lateral  extension  of  atomically  flat  interface  in  the  conventional  sense. 
This  means  that  the  photon  energy  should  be  quantized  for  Lz  of  integer  ML. 
However,  the  observed  PL  presents  a  contradicting  result  with  almost  linear 
change  for  a  fraction  of  ML. 

If  the  perturbation  is  interpreted  as  a  compositional  change  of  alloy  at 
the  interface,  the  submonolayer  shifts  of  PL  peaks  which  agrees  well  with  the 
perturbation  may  be  due  to  the  apparent  compositional  change  at  the  normal 
interface.  When  the  exciton  is  used  as  a  probe,  as  in  the  case  of  PL  and  PLE, 
the  microroughness,  roughness  smaller  than  exciton  diameter  (Dx),  will  be 
detected  as  an  average  of  composition  over  Dx.  Still,  a  lateral  extension  larger 
than  Dx,  which  is  often  referred  to  as  the  island,  can  be  detectable  as  long  as 
the  distribution  of  microroughness  is  uniform  over  Dx.  The  microroughness 
should  be  superimposed  on  the  island,  as  schematically  shown  in  Fig.  4. 

A  comprehensive  example  of  the  presence  of  a  submonolayer  is  shown 
in  Fig.  2.  There  are  4  distinct  peaks.  The  peaks  indicated  with  open  arrows  are 
matched  with  QWs  of  Lz=ll,  12,  and  13  ML,  while  the  peak  indicated  by  solid 
arrow  can  be  identified  as  Lz=12.4  ML.  Here,  the  exciton  binding  energy  was 
assumed  to  be  about  10  meV. 
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AlGaAs 


Fig.  4:  Schematic  diagram  of  interface  configuration  of  single  QW 


4.  Discussion 

In  this  work,  with  the  excess  GaAs  of  controlled  quantities,  the  microstructure 
of  the  heterointerface  has  been  changed,  and  the  limit  of  spectroscopic  analysis 
was  tested.  The  result  shows  that  microroughness  rather  than  large  islands  are 
formed  by  the  excess  GaAs,  whose  presence  was  observed  in  chemical  lattice 
imaging [2],  and  is  best  explained  with  "bimodal  roughness "[3].  This  work  also 
provides  supporting  evidence  for  the  claim  of  Warwick  that  the  picture  of 
"atomically  smooth  island"  based  on  quantized  PL  and  PLE  peaks  is  too  naive. 

Conclusively,  the  PL  and  PLE  analyses  of  a  series  of  single  QWs 
present  the  dual  features  of  heterointerface;  flat  in  the  scale  larger  than  Dx  and 
rough  smaller  than  Dx.  It  is  indicative  that  flat  islands  extend  out  to  the  scale 
larger  than  the  2-dimensional  Dx  (around  100 A),  but  the  island  surface  may 
consist  of  the  microroughness  much  smaller  than  Dx.  The  microroughness  on 
the  lateral  island  has  statistically  random  distribution  at  the  normal  interface 
and  appears  as  the  average  of  alloy  composition  over  Dx. 
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Abstract.  We  characterize  surface  roughness  and  quantum  well  quality  in  MBE- 
grown  GaAs/AlGaAs  MQW  structures  selectively  bombarded  in  situ  by  a  focused 
beam  of  gallium  ions  varying  in  energy  from  25  eV  to  30  keV. 
Photoluminescence  intensity  from  QWs  above,  below,  and  at  the  growth- 
interrupted  interface  subjected  to  Ga+  bombardment  decreases  as  ion  energy 
increases.  AFM  measurements  show  that  surface  roughness  also  increases  with 
increasing  ion  energy.  Use  of  500eV  ions  can  eliminate  a  QW  structure  at  the 
interface  but  leave  deeper  and  proximate  regions  relatively  unscathed. 


1.  Introduction 

Molecular  beam  epitaxy  affords  tremendous  control  on  the  scale  of  atomic  monolayers 
vertically,  but  lateral  control  has  largely  been  available  only  by  post-growth  processing.  We 
use  a  novel  low-energy  focused  ion  beam  system[l]  to  focus  low-energy  Ga-b  ion  onto  a  GaAs 
wafer  in-situ  during  a  suspension  of  MBE  growth,  locally  impacting  the  epitaxial  structure 
laterally. 

Use  of  focused  Ga+  beams  has  been  reported  selectively  to  damage  specific  regions, 
such  as  those  near  gates  for  a  HEMT  to  reduce  leakage  current  and  allow  independent  control 
of  2DEG  regions  while  allowing  high-quality  2DEG  formation  over  the  growth-interrupted 
region[2].  We  are  using  lower-energy  ions  and  considering  much  shorter  distance  scales, 
including  affects  at  the  processed  interface  itself.  Low  energy  ions  impart  considerably  less 
damage[3].  We  use  photoluminescence  emission  from  various  MQW  structures  and  AFM 
surface  analysis  to  measure  the  consequences  of  ion  bombardment  at  various  energies. 


2.  Growth  and  Ion  Beam  Procedures 

In-situ  processed  GaAs  wafers  are  transported  to  the  focused  ion  beam  column  during  a 
suspension  of  MBE  growth  via  a  portable  vacuum  chamber  with  an  on-board  battery-powered 
ion  pump  maintaining  a  base  pressure  below  10"^  Ton*.  Doses  ~10^^  cm'^of  Ga-i-  extracted 
from  a  liquid-metal-ion  source  and  slowed  by  a  retarding  field!  1]  are  applied  at  normal 
incidence  at  room  temperature.  Upon  return  to  the  MBE  growth  chamber,  the  samples  are 
thermally  cleaned  for  ten  minutes  at  700°C  under  an  As  flux  before  additional  epitaxial  growth. 
A  common  structure  used  to  gauge  material  quality  is  a  MQW  structure  [4].  A  series  of 
GaAs/AlGaAs  MQW  structures  (figure  1)  were  grown  continuously  or  with  growth 
suspension  and  processing.  For  the  in-situ  sample,  growth  was  interrupted  immediately 
following  growth  of  the  50A  QW,  at  the  bottom  of  the  AlGaAs  barrier. 
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Figure  1 :  MQW  structures  used  for  (a)  ex-situ  and  (b)  in-situ  77K  photoluminescence  measurements.  Each 
structures  consists  of  GaAs  QWs  of  various  widths  separated  by  300A  AlGaAs  barriers  with  x  =  .38  or  x  =.  35 
respectively.  The  growth  interruption  for  in-situ  processing  occurs  atop  the  50A  GaAs  QW. 


3.  Photoluminescence 


Post-growth  bombardment  of  MQW  structures  has  been  reported  by  Green  et  al[4].  We  were 
interested  in  ion  damage  that  survives  regrowth  at  temperatures  ~620°C,  but  ex-situ 
measurements  provide  an  important  unannealed  baseline.  The  ex-situ  data  (Figure  2,  left) 
show  extensive  diminution  of  PL  intensity,  penetrating  deeply  into  the  sample.  Emission  from 


-350  0  350 

Depth[A] 


Figure  2:  PL  emission  spectra  for  a  continuously-grown  MQW  sample  bombarded  ex-situ  (left)  and  a  growth- 
interrupted  and  regrown  sample  (right).  Depth  indicates  position  from  the  ion-bombarded  surface,  which 
corresponds  to  the  wafer  surface  in  the  ex-situ  case  and  the  top  of  the  50A  QW  in  the  in-situ  case  The  PL 
signals  are  normalized  to  unimplanted  control  regions.  Ion  energies  in  eV. 
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the  20A  well  located  close  to  the  surface  was  not  evident  over  any  ion-processed  region.  None 
of  the  wells  exhibited  emission  over  regions  bombarded  with  10,000  eV  or  30,000  eV  ions. 
Emission  generally  decreases  as  ion  energy  increases.  These  results  show  widespread 
deleterious  effects  at  a  wide  variety  of  depths  that  scale  with  increasing  ion  energy. 

All  in-situ  processed  samples  are  returned  to  the  MBE  growth  chamber  for  additional 
thermal  cleaning  and  growth.  This  step  subjects  the  wafer  to  substantial  “implicit”  annealing 
under  an  As  ambient.  Kosugi  et  al[5]  found  elevated  L-2  trap  levels  in  GaAs  at  depths  greater 
than  200A  even  for  low  energy  ions,  but  these  were  greatly  ameliorated  by  annealing  at  600°C 
for  ten  minutes  in  a  hydrogen  ambient. 

The  top  QW,  grown  following  the  growth  interruption  and  ion  bombardment,  emits 
normally  for  ion  energies  of  5000  eV  or  less  (Figure  2,  right,  depth  =  -350A).  The  30,000  eV 
ions  reduce  emission  by  about  60%.  The  peaks  also  exhibit  a  shift  toward  higher  wavelength 
for  ion  energies  of  5000  eV  or  greater  as  well  as  a  broadening  of  40%  in  the  FWHM, 
suggesting  poor  well  quality  and  interface  roughening. 

Emission  from  the  QW  at  the  growth-interrupted  interface  was  non-existent  for  ion 
energies  above  500  eV.  The  top  surface  (at  the  time  of  ion  bombardment)  was  the  GaAs  well 
material  with  the  first  monolayer  after  the  growth  interruption  being  the  bottom  of  the  top 
AlGaAs  barrier.  This  surface  is  hence  an  incredibly  sensitive  probe  of  vacuum  quality  and 
interface  process  damage.  Interrupting  growth  on  an  AlGaAs  rather  than  a  GaAs  layer  or  with 
poor  vacuum  conditions  completely  quenches  PL  emission.  Ion  bombardment  with  energies  < 
500eV  simply  retards  PL  emission.  No  peak  shift  was  indicated  as  would  be  the  case  if  a 
portion  of  the  well  were  physically  etched  or  if  net  deposition  of  Ga  took  place. 

Emission  from  the  QW  located  3 50 A  beneath  the  growth-interrupted  layer  degraded 
rapidly  for  increasing  ion  energy,  though  emission  was  noted  even  for  high-energies.  The 
intensity  falloff  up  to  100  eV  is  relatively  severe,  but  the  additional  damage  from  higher-energy 
ions  is  relatively  low,  in  stark  contrast  to  the  ex-situ  case  which  exhibited  little  or  now 
emission  at  comparable  depths.  The  300A  deep  in-situ  results  were  superior  to  the  650 A  deep 
ex-situ  characteristics  at  higher  energies. 

4.  Atomic  Force  Microscopy 

Areas  of  the  surface  which  had  been  subjected  to  ion  bombardment  were  examined  by  atomic 
force  microscopy.  We  used  the  standard  deviation  of  surface  height  as  a  measure  of  surface 
roughness.  Lezec  et  al[6]  studied  a  GaAs  surface  bombarded  with  260  keV  Si++  ions  and 
annealed  for  20  minutes  at  655  °C  under  as  AS4  flux  and  noted  hills  of  5-10  nm  high  and  0.1- 
0.3  |im  wide.  Our  measurements  cover  the  range  50  eV  to  30,000  eV  and  include  post¬ 
bombardment  regrowth  of  330A  of  epitaxial  material,  primarily  AlGaAs.  The  control  surface, 
an  unimplanted  area  on  the  same  wafer  subjected  to  the  same  growth  process  and  growth 
interruption,  exhibited  an  rms  surfaee  roughness  of  ik.  The  surface  roughness  remained 
relatively  constant  for  ion  energies  of  200eV  or  lower  (Figure  3)  but  rose  substantially  for 
higher  energy  ions.  For  example,  the  surface  roughness  exceeded  that  of  the  control  sample 
by  an  order  of  magnitude  for  5000  eV  ions.  Measured  values  are  accurate  relative  to  each  other 
but  may  be  underestimates  by  as  much  as  30%  judging  by  monolayer  separations  visible  on 
height  histograms.  Kondo  et  al  [7]  report  a  similar  roughness  for  thermal  cleaning  during  a 
study  of  surface  roughness  but  smoother  surfaces  using  ECR  cleaning. 
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Figure  3:  Surface  roughness  over  regions  bombarded  with  Ga  ions  of  various  energies  and  regrowth  of  330A  of 

epitaxial  material  (primarily  AlGaAs). 

If  selective  in- situ  processing  is  combined  with  precise  subsequent  epitaxy ,  a  smooth 
post-bombardment  surface  is  desired.  The  regrown  epitaxial  surface  appears  relatively 
unaffected  by  low-energy  ions  -200  eV  but  becomes  significantly  rougher  as  ion  energy 
increases.  The  surface  roughening  observed  for  ions  up  to  5000  eV  may  be  tolerable  in  some 
structures,  as  evidenced  by  PL  emission  from  the  overgrown  QW . 

5.  Conclusions 

Quality  epitaxial  material  can  be  regrown  by  MBE  atop  regions  subjected  to  bombardment  by 
focused  beams  of  gallium  ions.  High-energy  ions  cause  extensive  damage,  even  far  from  the 
processed  interface.  Lower  ion  energies  produce  less  damage.  A  QW  grown  at  the  processed 
interface  continues  to  emit  a  PL  signal  as  long  as  its  top  surface  was  bombarded  only  with  ions 
of  energy  500  eV  or  less.  Damage  is  substantially  ameliorated  during  post-processing 
regrowth.  The  roughness  of  epitaxial  material  grown  atop  processed  regions  is  not  degraded 
for  ion  energies  up  to  ~200s  eV.  High  energy  ion  bombardment  appreciably  roughens  the 
surface,  creating  problems  for  precise  epitaxy  over  such  regions. 
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Abstract.  The  dielectric  functions  of  Uiin  (<3  nin)  strained  well  and  barrier  layers,  and  of 
their  tltin  unsp-ained  cap  layers,  have  been  investigated  by  ex  situ  spectroscopic  ellipsometry. 
The  E|,  E|+Ai  critical  point  (cp)  structure  for  tlie  thin  layers  differs  significantly  from  bulk, 
in  a  manner  depending  on  tlie  surrounding  material  and  the  layer  thickness.  Strained  InAs 
wells  within  Iiiq  53GaQ  47AS  bairiers  retain  well-resolved  cp  structure,  with  a  strain-induced 
increase  in  Aj.  Thin  strained  AlAs  and  AlSb  barriers  O^etween  unstrained  InQ  53030  47 As 
and  InAs  layers,  respectively)  lo.se  tlte  E|,  E^+Aj  cp  structure  entirely.  Their  unstrained  cap 
layers  show  a  blue-shift  of  both  peaks,  consistant  with  a  quantum  confinement  effect. 


1.  Introduction 

Structures  containing  very  thin  well  and  banier  layers  are  of  interest  for  applications  such  as 
the  resonant  tunneling  diode  (RTD).  The  characteristics  of  such  devices  depend  strongly  on 
layer  thicknesses,  which  must  also  be  less  than  the  critical  thickness  (only  several  nm  in 
highly  strained  layers).  For  this  work,  ex  situ  spectroscopic  ellipsometry  (SE)  has  been 
used  to  characterize  the  apparent  dielectric  functions  (e)  of  these  thin  layers.  (The  reason 
for  qualifying  e  with  "apparent"  is  discussed  below.)  An  understanding  of  the  8  of  thin  layer 
materials  is  useful  in  itself,  and  is  also  necessai'y  for  quantitative  thickness  characterization 
(and  control)  using  real-time  SE.  One  of  the  most  useful  spectral  regions  for  characteriza¬ 
tion  is  that  containing  the  E|  and  Ej-f-Ai  critical  points,  because  this  structure  is  sensitive  to 
composition,  temperature,  and  strain. 

Conventional  models  for  optical  analysis  consist  of  a  stack  of  layers  with  planar 
interfaces,  each  layer  with  a  fixed  e  independent  of  thickness  or  surrounding  material  type. 
For  a  very  thin  layer,  however,  the  electron  wavefunctions  involved  in  an  optical  transition 
are  not  strictly  confined  to  that  layer.  They  extend  out  of  the  layer  to  a  distance  that 
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depends  on  the  suiTOunding  material  type,  and  which  may  be  comparable  to  or  greater  than 
the  layer  thickness  itself.  The  conventional  multilayer  model  (which  we  use  here)  is  an 
attempt  to  model  wavefunctions  which  extend  relatively  far  beyond  the  physical  boundaries 
of  the  layer,  using  a  quantity  (e)  that  is  defined  only  within  the  layer  boundaries.  For  this 
reason  the  modeled  e  of  a  layer  is  a  somewhat  aitificial  quantity,  that  depends  on  its 
particular  environment:  thickness  and  suirounding  material  (as  well  as  strain  and  tempera¬ 
ture).  Thus  we  use  the  term  "apparent"  dielectric  function  for  these  thin  layers. 


2.  Samples  and  measurements 

All  samples  were  grown  by  moleculai*  beam  epitaxy  (MBE).  The  "InAs"  group  consisted  of 
two  samples  with  stmctures  InGaAs/InAs/InGaAs/InP  substrate,  with  nominal  InAs  well 
thicknesses  of  2  and  3  nm.  The  Inj^Gaj^x^s  was  lattice  matched  (x=0.53)  to  InP.  Nominal 
cap  and  buffer  layer  thicknesses  were  6  and  200  nm,  respectively,  for  both  samples.  The 
"AlAs"  group  contained  four  samples  with  structure  InGaAs/AlAs/InGaAsAnP  substrate. 
Caps  and  buffers  were  nominally  6  and  200  nm  in  three  samples,  2  and  400  nm  in  the 
fourth.  The  AlAs  layers  ranged  from  1.5  to  2.5  nm.  Another  pair  of  samples  with  slightly 
thicker  AlAs  layers  (5  nm)  were  studied  separately.  The  "AlSb"  group  contained  four 
samples  with  structure  InAs/AlSb/InAs/GaAs  substrate,  where  the  InAs  buffers  were  1 
micron  thick  (thus  optically  opaque  over  the  analyzed  spectral  range)  and  relaxed.  Caps 
were  all  nominally  3  nm,  and  the  AlSb  layers  ranged  from  1.5  to  2.5  nm. 

Spectroscopic  ellipsometi7  (SE)  measures  the  change  in  polarization  state  of  a  col¬ 
limated,  totally  polarized,  quasi-monochromatic  light  beam  after  non-normal  incidence 
reflection  from  the  sample  surface.  The  ellipsometric  parameters  \\f  and  A,  measured  as 
functions  of  photon  energy  and  angle  of  incidence,  are  obtained  directly  from  the  measured 
polarization  change,  and  are  also  related  to  the  sample  by  [1] 

tan(\[/)  e^  =  Rp/R-s 

where  Rp  (Rg)  is  the  complex  electric  field  reflection  coefficient  for  light  polarized  parallel 
(perpendicular)  to  the  plane  of  incidence.  To  fit  the  measured  SE  data,  Rp  and  Rg  are 
calculated  using  a  multilayer  model  and  Fresnel  reflection  and  transmission  coefficients  for 
each  interface,  assuming  perfectly  smooth  and  abrupt  interfaces,  and  assigning  thicknesses 
and  dielectric  functions  to  each  layer.  The  unknown  model  parameters  are  then  varied  to 
obtain  a  best-fit  to  the  data.  Fitting  SE  data  from  several  similar  samples  simultaneously 
(multiple  sample  analysis,  described  elsewhere  [2]),  improves  sensitivity  and  reduces  corre¬ 
lation  between  model  parameters.  All  samples  were  measured  in  an  air  ambient,  so  thin 
native  oxide  layers  (with  e  from  [3])  were  included  in  the  multilayer  models. 


3.  Results 

We  begin  by  noting  that  use  of  bulk  optical  constants  (which  are  available  for  all  of  the 
materials  contained  in  these  samples)  in  the  multilayer  models  produces  very  poor  fits  to  the 
SE  data.  If  bulk  data  are  used  anyway,  to  tiy  to  deteirnine  approximate  layer  thicknesses, 
the  fitted  thicknesses  are  often  grossly  different  from  nominal  (sometimes  even  solving  to 
negative  values).  The  e  values  presented  here  were  obtained  by  fitting  them  to  the  SE  data. 
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Figure  1.  In  As  bulk  62  (solid)  and  tliin  strained  layer  apparent  E2  (dashed). 


together  with  the  layer  thicknesses,  using  the  multiple  sample  analysis  technique.  A  full 
description  of  the  analysis  and  results  will  be  given  elsewhere. 

Figure  1  shows  the  apparent  £2  (imaginaiy  part  of  £)  solved  for  thin  strained  InAs 
wells,  compared  with  the  bulk  data  [4].  The  strained  Ej  peak  near  2.5  eV  is  close  to  the 
bulk  peak,  but  the  Ei+A^  peak  is  shifted  considerably,  indicating  an  increase  in  Aj.  This 
increased  splitting  is  qualitatively  consistant  with  calculations  of  the  effect  of  strain  on 
bandstructure  [5]. 

Figures  2  and  3  show  the  apparent  £2  for  thin  strained  AlAs  and  AlSb,  compared 
with  bulk  [6,7].  A  surprising  effect  is  obsewed  (which  to  our  knowledge  has  not  been 
reported  by  others),  namely  the  Ej,  Ej+Aj  structure  is  completely  gone.  This  may  be  due 
to  strong  coupling  of  the  wavefunctions  of  electrons  optically  excited  into  the  bamer 
conduction  band,  with  states  in  the  (lower)  conduction  bands  of  the  neighboring  material. 
As  the  barrier  thickness  increases,  its  apparent  £  should  approach  that  of  bulk.  Figure  2 
includes  the  £2  solved  for  the  thicker  (~5  nm)  AlAs  layers.  It  contains  a  peak  near  the  bulk 
E;[+Ai  and  a  weaker  shoulder  peak  below  it  at  about  3.5  eV,  well  below  the  bulk  E\.  The 
peaks  are  broader  than  the  bulk  Ej,  Ej+Aj  structure,  but  still  distinctly  resolved.  (These 
samples  may  have  had  imperfect  morphology  near  the  surface,  since  the  AlAs  thicknesses 
exceeded  the  critical  layer  thickness.)  The  reappearance  of  distinctive  cp  structure  in  these 
layers  is,  we  believe,  a  result  of  the  increased  thickness,  while  the  apparent  red-shift  of  Ej  is 
consistant  with  calculations  of  strain  effects  [5]  (indicating  that  the  AlAs  layers,  though 
greater  than  the  critical  thickness,  still  contained  considerable  strain).  We  have  also 
observed  an  absence  of  E[,  Ej+Aj  cp  structure  in  a  sample  containing  a  thin  (~2  nm) 
unstrained  AlAs  layer,  in  a  GaAs/AlAs/GaAs  structure  [6].  All  of  these  results  lead  us  to 
believe  that  the  broadening  and  loss  of  E^,  E^+Aj  cp  structure  in  a  barrier  layer  is  an  effect 
of  the  thinness  of  the  layer  (and  strong  coupling  to  states  in  neighboring  materials  with 
smaller  cp  energies).  Strain  is  an  independent  effect  which  is  only  observed  if  the  cp  struc¬ 
ture  remains  resolvable,  as  for  thin  InAs  and  thicker  AlAs  layers. 
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Figure  2.  AlAs  bulk  £2  (solid),  thin  strained  layer  (1. 5-2.5  nm,  long  dash), 
and  slightly  thicker  layer  (5  nm,  short  dash)  apparent  £2- 
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Figure  3.  AlSb  bulk  £2  (solid)  and  tJiin  strained  layer  apparent  £2  (dashed). 

Just  as  the  results  for  barriers  depend  on  thickness  and  the  suiTounding  material,  the 
cap  optical  constants  are  likewise  affected  by  the  material  beneath.  In  fact,  our  initial 
attempts  to  obtain  e  for  thin  AlAs  layers  [5]  were  less  successful,  because  we  used  bulk  data 
to  model  the  cap  layers  (resulting  in  poorer  fits,  and  "bleed  through"  of  cap  spectral  features 
into  the  solved  AlAs  e).  Good  fits  to  the  SE  data  required  fitting  the  apparent  e  of  both  the 
barrier  and  cap  layers.  (This  is  possible  only  with  multiple  sample  analysis.) 
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Figure  4.  InGaAs  (lattice  matched  to  InP)  bulk  (solid),  and  apparent  £2  of  a  thin  cap  on  AlAs: 
"6  nm  (short  dash)  and  ~2  nm  (long  dash). 


Figure  4  compares  bulk  [8]  and  thin  cap  apparent  £2  spectra  for  the  AlAs  set  of 
samples.  In  this  set,  one  of  the  caps  was  much  thinner  than  the  others,  and  its  e  had  to  be 
solved  for  independently.  Both  cap  spectra  are  blue-shifted  and  broadened  with  respect  to 
bulk,  the  thinner  cap  showing  the  greatest  difference.  A  blue-shift  of  both  peaks  is 
consistant  with  a  quantum  confinement  effect  in  the  cap.  The  same  effect  has  been  reported 
for  the  Ej,  Ei+Aj  peaks  of  a  GaAs  quantum  well  between  Al^Gai.xAs  barriers  [9,10]. 
However,  to  our  knowledge  no  others  have  reported  obseiwing  it  in  a  cap  layer,  which  is 
not  a  conventional  quantum  well.  The  material  beneath  (AlAs)  does  form  a  conventional 
confinement  barrier  to  electron  wavefunctions  in  the  InGaAs,  but  the  material  above  is 
native  oxide.  The  same  effect  was  observed  for  the  InAs  caps  of  the  AlSb  samples.  Also, 
similai-  blue-shifts  were  seen  for  the  thin  GaAs  caps  in  samples  with  thick  unstrained  AlAs 
layers  (these  results  will  be  reported  elsewhere  [6]). 

In  the  case  of  the  AlAs  and  AlSb  samples,  the  E^  cp  structure  of  the  cap  material 
(InGaAs  and  InAs,  respectively)  is  lower  in  energy  than  that  of  the  bamer.  InGaAs  and 
InAs,  on  the  other  hand,  have  nearly  the  same  values  of  Ej  and  Ei-i-Aj,  so  one  would  not 
expect  to  see  quantum  confinement  effects  in  the  InAs  samples.  This  was  indeed  the  case; 
the  fit  did  not  improve  when  the  cap  cp  structure  was  allowed  to  vary. 

The  results  for  single,  isolated  barrier  layers  described  above  suggest  that  their 
apparent  e  depend  strongly  on  the  suirounding  material.  This  further  suggests  that  the 
apparent  e  of  a  barrier  layer  within  multiple  thin  layers  could  be  different  from  that  of  a 
single  isolated  bamer.  We  have  measured  one  RTD  sample,  with  structure 
InAs/AlSb/InAs/AlSb/  InAs  (GaAs  substrate).  We  attempted  to  solve  for  the  thicknesses  of 
all  the  layers,  using  the  thin  layer  apparent  e  obtained  for  individual  InAs  wells,  AlSb 
barriers,  and  InAs  caps,  but  the  fit  to  the  SE  data  was  poor.  One  sample  is  not  enough  on 
which  to  base  a  final  conclusion,  but  it  suggests  that  the  apparent  e  obtained  for  single  thin 
layers  may  not  be  appropriate  for  layers  surrounded  by  other  thin  layers.  More  work  needs 
to  be  done  on  characterizing  RTD  structures. 
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4.  Conclusion 

The  room  temperature  dielectiic  functions  of  thin  (<3  nm)  strained  InAs,  AlAs,  and  AlSb 
layers,  and  their  thin  unstrained  "cap"  layers,  in  the  Ej  and  Ej+Aj  critical  point  regions, 
have  been  investigated  using  spectroscopic  ellipsometnc  multiple  sample  analysis.  Results 
confimi  that  strain  has  a  significant  effect  on  critical  point  structure  in  highly  strained  layers, 
if  the  critical  point  structure  is  present.  They  also  show  that  critical  point  structure  can  be 
blue-shifted  significantly  in  thin  caps.  Even  more  significantly,  in  barrier  layers  the  presence 
of  critical  point  structure  itself  is  apparently  a  function  of  layer  thickness:  it  disappears 
entirely  in  vei*y  thin  layers,  and  reappears  as  the  thickness  increases.  To  the  degree 
(presently  unknown)  that  these  effects  occur  at  growth  temperatures,  they  must  be  under¬ 
stood  and  accounted  for  in  order  to  accurately  control  growth  using  real-time  ellipsometry. 
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1  Characterization  of  layered  InGaAsP/InP  structures  by  means  of 
time  resolved  transient  grating  technique 
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Abstract  Non-equilibrium  charge  carriers  (NCC)  dynamics  have  been  investigated  by  means  of 
transmission  and  hght  induced  transient  grating  techniques  in  the  epitaxial  layers  of  InP,  InGaAs, 
InGaAsP.  The  values  of  NCC  lifetime  and  ambipolar  diffusion  coefficient  are  determined.  These 
parameters  are  explained  in  terms  of  NCC  dynamics  under  the  conditions  of  epi-layer  bleaching,  free 
carrier  absorption  and  NCC  separation  by  internal  electric  field  of  the  heterojunction . 


1.  Introduction 

Interest  in  the  direct  band-gap  quaternary  semiconductor  alloy  Ini.^Ga^ASyPi.y  is  prompted  by  its  technological  use  as  a 
light  source  and  detector  for  1.3-pm  and  1.55-|xm  fiber  optic  communication  systems.  The  imperfect  behavior  of  lasers, 
fabricated  from  these  materials,  has  been  attributed  to  various  loss  mechanisms  which  compete  with  radiative 
recombination  within  the  device.  Thus,  it  is  important  to  reveal  the  mechanism  of  non-equilibrium  charge  carriers  (NCC) 
dynamics  in  highly  excited  matter.  Moreover,  there  are  some  different  considerations  such  as  NCC  cooling  and  plasma 
expansion  [1,2]  or  non-linear  recombination  [3,4]  needed  to  explain  picosecond  NCC  dynamics. 

In  this  paper  the  transient  gratings  induced  by  a  short  laser  pulse  were  used  to  investigate  the  recombination  and 
diffusion  of  carriers  in  layered  systems  composed  of  InP  n  and  p  type,  Ino,47Gao,53As  and  Ino,47Gao3Aso,53Po,47  with  layers 
thickness  less  than  NCC  dilTusion  length.  In  recent  paper  [5]  the  parameters  of  transient  grating  decay  in  case  of  highly 
excited  matter  have  been  measured  and  in  this  paper  the  carrier  dynamics  has  been  analyzed.  The  density  of  NCC  AN  was 
up  to  2- 10^^  cm'^  in  the  same  layers  as  in  Ref.[5]. 


2.  Experimental 

Two  structures  were  grown  by  Hybrid  Vapor  Phase  Epitaxy  at  665°C  on  (lOO)-InP  substrate.  The  experimental 
arrangement  of  picosecond  Ught  induced  grating  (LIG)  measurements  is  described  in  [6].  The  main  point  of  the  method  is 
the  temporal  probing  of  light-induced  refractive  index  grating  decay.  The  grating  is  formed  by  NCC  which  are  generated 
in  accordance  with  the  interference  field  of  two  crossing  picosecond  pulses.  The  maximum  delay  of  the  probe  pulse  is  1200 
ps  with  a  resolution  of  35  ps.  Maximum  intensity  of  excitation  at  Xn=  1.06  |jm  is  Iex«=  10  GWcm'^.  The  comparison  of 
diffraction  efficiency  experimental  kinetics  measured  at  different  LIG  periods  A  with  the  results  of  the  numerical 
simulation  of  recomhinaiion  and  diffusion  [7,8]  allows  to  estimate  from  1/x  =  1/tr  +  (A/27E)‘^Da,  where  t  -LIG  erasure  time 
allows  to  evaluate  recombination  lifetime  Tr  in  the  range  of  (0.05-10)ns  and  ambipolar  diffusivity  Da  -  (l-200)cm^/s. 
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Table  1 


Samples 


Sample 

with  InGaAsP 

with  InGaAs 

layer  No 

material 

N,  cm-3 

d,  pm 

material 

N,  cm'3 

d,  pm 

0(substr.) 

InP 

SI 

500 

InP 

SI 

500 

1 

InP(n) 

51016 

0.4 

2 

InF(n) 

51017 

0.5 

InP{n) 

5-1017 

0.03 

3 

InGaAsP 

M015 

1.0 

InGaAs(p) 

51019 

0.2 

4 

InP(p) 

51017 

1.5 

InP(n) 

5-1017 

0.3 

Tills  formula  is  valid  for  the  case  of  NCC  density  independent  values  of  tr  and  Da,  what  is  fulfilled  at  our  employed  NCC 
density. 

The  InP  wafers  homogeneity  and  behavior  of  carriers  were  controlled  by  mapping  of  transmission  and  light  self- 
diffraction  efficiency  of  Nd:YAG  laser  radiation  at  1,06  |xm  ( pulse  duration  2  and  12  ns). 

3.  Results  and  discussion 

Two  structure  have  been  investigated.  The  types  of  layers  and  their  thickness  d  are  given  in  Table  1.  The  most  important 
difference  concerns  the  different  environment  of  mostly  narrow  band-gap  layer  where  linear  absorption  of  light  generates 
the  NCC  grating.  The  excited  electrons  and  holes  can  be  separated  by  heterojunction  barriers  that  decrease  their 
recombination  rate. 


(a.u.) 


Fig.l.  Dependencies  of  diffraction  efficiency  (rj)  and  transmission  (T)  vs  excitation  intensity  for  different  samples:  a)  InP, 
lo  =  1.25  MW/cm^  circle  -  excitation  pulse  duration  12  ns,  filled  circle  -  2  ns;  b)  hiGaAsP  "covered"  layer  -filled  squares, 
"uncovered"  -  squares,  lo  =  0.1  MW/cm^,  c)  InGaAs,  lo  =  1  MW/cm^.  y  •-  slope  of  dependence,  A  and  B  arrows  sign  the 
employed  intensities  in  experiments. 
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Fig.2.Dependence  of  transmission  vs  excitation  intensity.  Marking  as  in  Fig.  lb. 


Investigation  of  light  self-diffraction  in  InP  substrate  (Fig. la)  showed  the  lifetime  is  longer  than  ten  nanosecond 
and  that  generation  of  NCC  is  caused  by  the  two-photon  absorption.  The  influence  of  two  photon  absorption  on  full 
transmission  of  crystal  became  important  at  about  2  MW/cm^.  The  typical  InP  substrate  was  rather  homogenous  and  the 
variation  of  light  induced  diffraction  intensity  was  less  than  10%  per  wafer. 

The  diffraction  efficiency  dependence  on  excitation  in  InGaAsP  layer  grown  in  between  InP  layers  showed  the 
linear  generation  of  carriers.  In  uncovered  layers  of  InGaAsP  (when  the  upper  layer  of  hiP  was  etched)  the  two  photon 
absorption  was  prevailing  (Fig.  lb).  The  transmission  measurement  showed  the  optical  bleaching  effect  rather  strong  in  the 
later  sample  (Fig.2)  and  this  effect  was  small  in  other  samples.  At  higher  intensities  the  nonlinear  absorption  took  place. 
The  threshold  is  near  to  that  in  InP.  According  to  it  the  transient  grating  in  the  structure  with  bleached  absorption  layer  is 
generated  in  the  layer  and  substrate  of  InP.  This  conclusion  is  supported  by  transient  grating  decay  (Fig.3), 


Fig.3.  Gratings  lifetime  vs  angle  dependence  in  different  samples.  Marking  the  same  as  in  Fig.l. 
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where  the  diffusivity  and  lifetime  of  carriers  are  found  equal  to  (4.0±  0.9)  cm7s  and  (13.5±1.5)  ns,  respectively.  These 
data  fit  well  with  known  data  for  InP  [4,9,10].  It  is  necessary  to  stress  that  the  time  constant  of  grating  decay  in  hiGaAsP 
layer  covered  by  InP  has  to  be  very  similar  to  it  in  InP  due  to  the  extraction  of  holes  to  InP  (p)  and  electrons  into  InP(n). 
This  double  layer  diffusivity  is  near  to  the  same  as  ambipolar  diffusivity  in  InP.  The  lifetime  of  carriers  depends  on  the 
recombination  at  and  near  interface  and  it  is  shorter  than  in  the  bulk.  In  the  open  InGaAsP  layer  on  InP  the  bleaching  is 
expressed  weakly  due  to  redistribution  of  electrons  between  InP(n)  and  InGaAsP.  It  caused  shorter  lifetime  of  electrons 
(7.9+0.9)  ns  in  comparison  with  "covered"  InGaAsP  due  toabsence  of  hole  location  in  InP(p)  layer  what  reduces  the 
recombination  rate.  T^e  increase  of  electrons  density  in  InP(n)  caused  the  free  carriers  absorption,  that  follows 
the  bleaching  (  if  estimate  the  photon  capture  by  free  carrier  cross-section  to  be  10'^®  cm^  ).  The  diffusivity  in  this 
structures  is  (7.4±0.9)  cm7s  what  corresponds  to  thehigher  mobility  of  holes  in  InGaAsP  layer  which  should  be  equal  to 
150  cm^A^s  (it  is  close  to  the  literature  data  [11]). 

In  the  case  of  hiGaAs  grown  between  InP(n)  (Fig.2c,  Fig.3)  the  electrons  were  going  to  the  surrounding  MP 
layers.  It  has  increased  the  lifetime  of  non-equilibrium  carriers  up  to  (16.7+2.0)  ns  and  set  the  diffusivity  equal  to  (4.0+0.9) 
cm7s  which  is  controlled  by  holes  and  defects  in  InGaAs  layer. 

4, Conclusions 

The  transient  light  induced  grating  method  was  used  to  investigate  the  non-equilibrium  carrier  dynamics 
in  layered  InGaAsP  structures  and  to  determine  recombination  lifetime  and  diffusivity  of  carriers.  The  separation  of 
carriers  at  the  interface  caused  the  increase  of  lifetime,  but  the  electrons  and  holes  interaction  caused  that  the  decay  of 
grating  was  influenced  by  diffusion  of  carriers  in  different  layers.  The  diffusivity  was  found  near  to  ambipolar  value  in 
these  materials,  etc.,  (4.(K7.4)  cm^s. 
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Advances  In  Silicon  Carbide  Device  Processing  And 
Substrate  Fabrication  For  High  Power  Microwave  And 
High  Temperature  Electronics 
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Abstract.  High  power  density,  temperature  and  radiation  tolerant  SiC  electronics  offer  an 
exceptional  opportunity  to  increase  the  performance  and  lower  the  cost  of  systems  ranging  from 
radar  transmitters,  to  aircraft  and  tank  controls,  to  missile  sensors.  Growth  and  fabrication  of  2-inch 
diameter  semi-insulating  and  low  resistivity  wafers,  MESFETs  with  25GHz  cutoff  frequencies  and 
2-3X  the  power  density  of  GaAs  devices,  the  world's  first  SiC  static  induction  transistor,  and  300°C 
analog  and  digital  MOSFET  circuits  are  among  recent  technological  advances. 


1.0.  Introduction 

For  more  than  three  decades,  scientists  have  known  that  electronic  devices  employing  silicon 
carbide  (SiC)  semiconductor  material  had  the  potential  to  revolutionize  consumer,  industrial,  and 
defense  electronic  products.  SiC  devices  exhibit  lOX  the  voltage  capability,  lOOX  the  radiation 
resistance,  and  3X  the  thermal  conductivity  of  devices  fabricated  in  conventional  semiconductors 
such  as  silicon  or  gallium  arsenide  and  have  the  potential  to  operate  at  temperatures  to  600°C. 
Westinghouse  is  investigating  the  use  of  SiC  electronics  in  radar,  communications,  advanced 
television,  electric  vehicle  controls,  avionics  and  nuclear  instrumentation  and  controls. 

Recent  technological  advances  have  brought  this  potential  payoff  closer  to  reality.  SiC  has 
come  a  long  way  since  the  early  1960s  when  it  was  first  seriously  considered  for  electronic 
devices.  Since  then,  methods  for  growing  single  crystals  have  been  developed  and  a  variety  of 
devices  have  been  fabricated,  including  blue  LEDs  [1],  MOSFETs  [2,3],  and  microwave 
MESFETs  [4,5]. 

In  this  paper  we  present  an  overview  of  some  recent  advances  in  SiC  materials  and  device 
technology  achieved  at  the  Westinghouse  Science  and  Technology  Center. 


2.0.  Substrate  Fabrication 

2.1.  Bulk  Crystal  Growth 

In  the  early  days  the  only  available  SiC  single  crystal  material  was  Lely  crystals  a  few  mm  in 
length  having  uncontrolled  thickness  and  polytype.  Now,  following  the  pioneering  work  of 
Tairov,  Westinghouse  has  grown  boules  up  to  2  inches  in  diameter  using  vapor  transport  at 
temperatures  of  2200°C.  The  growth  technique  [6]  utilizes  an  induction-heated,  cold-wall  system 
in  which  high  purity  graphite  materials  constitute  the  hot-zone  of  the  furnace.  Undoped  crystals 
were  grown  in  a  20  Torr  high  purity  Ar  ambient  and  show  resistivities  of  10^  to  10^  ohm-cm 
over  the  full  crystal  length.  Low  resistivity  crystals  with  resistivities  <0.02  ohm-cm  have  been 
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produced  by  controlled  nitrogen  doping. 
We  have  also  grown  the  world's  first 
semi-insulating  6H-SiC  boules  utilizing 
vanadium  as  a  deep-level  dopant  [7]. 
These  2  inch  diameter  SI  wafers  exhibit 
resistivities  in  excess  of  ohm-cm. 
Rapid  advances  have  also  been  made  in 
the  slicing  and  polishing  of  wafers  using 
conventional  Si  wafering  technology 
modified  for  the  increased  hardness  of 
SiC  and  have  produced  wafers  up  to  2 
inches  in  diameter  [8]  as  shown  in 
Figure  1.  These  wafers  are  edge 
rounded  like  Si  and  GaAs  in  order  to 
reduce  breakage  during  processing.  This 
Si-like  wafer  fabrication  technology  now 
Figure  1  A  Westinghouse  2-inch  diameter  6H-SiC  bouie  makes  SiC  device  manufacturing  more 
and  polished  wafer  economical. 

SiC  suffers  from  a  defect  that  does 

not  occur  in  other  semiconductors.  Small  pores  or  "micropipes"  (up  to  tens  of  microns  in 
diameter)  can  form  during  the  growth  of  SiC  and  may  extend  through  the  entire  bouie.  The 
origin  of  these  pores  is  not  well  understood  at  this  time  but  their  presence  in  densities  of  50  to 
1000  cm-2  can  seriously  affect  the  yield  of  devices  and  circuits  and  is  an  active  area  of  research. 


2.2.  Epitaxial  Growth 

Significant  progress  has  been  made  in  the  epitaxial  growth  of  SiC  layers.  Epitaxial  growths  were 
performed  in  a  water-cooled  quartz  atmospheric  pressure  horizontal  reactor  capable  of  growth  on 
3-inch  diameter  substrates.  The  growth  temperature  is  approximately  1450°C  using  silane  and 
propane  as  the  primary  reagents.  Intentional  n-type  doping  is  obtained  by  admitting  controlled 
amounts  of  nitrogen,  while  p-type  doping  is  accomplished  using  trimethylaluminum. 

Depending  on  the  Si/C  ratio  used  during  growth  [9,10],  undoped  films  generally  exhibit 
background  carrier  concentrations  less  than  1  x  10  cm"^.  Intentionally  doped  films  can  be 

grown  from  1x10^5  cm"^  to  greater  than  1  x  lO^^  cm"^.  Film  uniformities  are  improving;  2- 
inch  diameter  6H-SiC  epitaxial  wafers  exhibit  thickness  and  doping  uniformities  of  7%  and 
<20%,  respectively. 


3.0.  Microwave  Devices 

3.1.  Static  Induction  Transistors 

In  the  area  of  power  microwave  devices,  we  have  fabricated  the  first  static  induction  transistors 
(SITs)  on  6H-SiC.  The  structure,  similar  to  a  vertical  field  effect  transistor,  is  composed  of 
vertical  pillars  formed  by  reactive  ion  etching  having  a  source  contact  on  the  top  of  each  pillar, 
gate  contacts  on  the  pillar  sidewalls,  and  a  common  drain  contact  on  the  back  of  the  wafer. 

Figure  2  shows  an  SEM  of  a  completed  device  and  the  expected  triode-like  DC 
characteristics.  Gate-drain  breakdown  voltages  in  excess  of  lOOV,  voltage  gains  of  6  to  12,  and 
source-drain  currents  of  30  to  40  mA/mm  were  measured  in  these  devices.  Early  RF 


Figure  2  Static  Induction  Transistor  (SIT)  fabricated  in  6H-SiC.  (left)  SEM  of  the  2  micron  wide  vertical 
source  channels,  and  (right)  the  characteristic  triode-like  DC  characteristics. 

measurements  have  shown  cutoff  frequencies  of  800  to  1000  MHz  with  approximately  6  dB  of 
small  signal  gain  at  300  MHz.  Pulsed  power  testing  at  175MHz  of  a  multi-transistor  chip  yielded 
more  than  30W  output  power,  indicating  good  combining  efficiency. 

The  SIT  device  is  designed  as  a  discrete  power  transistor  for  operation  at  frequencies  up  to 
S-band. 

3.2.  MESFETs 

MESFETs  were  fabricated  on  high  resistivity  6H-SiC  substrates  by  electron  beam  direct  write 
processing  [5].  The  MESFET  epitaxial  structure  consisted  of  a  2  micron  thick  undoped  buffer 
layer  (<1x10^^  cm‘^),  0.4  micron  thick  channel  layer  (2x10^^  cm"^),  and  a  0.1  micron  n"*" 
contact  layer  (>lxl0l^  cm"^).  A  scanning  electron  micrograph  of  a  fully  air-bridged  MESFET 
with  a  0.5  micron  long  gates  and  approximately  4  mm  of  gate  periphery  is  shown  in  Figure  3. 

The  DC  performance  of  these  transistors  indicates  a  230  mA/mm  channel  current  and 
breakdown  voltages  exceeding  70V,  making  these  devices  suitable  for  RF  power  operation. 
Small  signal  RF  gain  measurements  show  excellent  8.5  dB  gain  at  10  GHz  with  a  cutoff 
frequency  of  25  GHz.  It  is  significant  to  note  here  that  these  RF  results  were  obtained  with  a 
high  drain  bias  voltage  of  40V  which  clearly  demonstrates  the  simultaneously  high  voltage  and 
frequency  capabilities  of  SiC  devices.  Preliminary  power  measurements  have  shown  1.3  W/mm 
at  6  GHz  with  8  dB  of  gain,  at  least  a  factor  of  two  higher  power  output  than  GaAs  MESFETs. 
This  is  the  highest  frequency  and  microwave  power  for  SiC  MESFETs  reported  to  date. 


4.0.  High  Temperature  Electronics 

We  describe  some  of  our  recent  efforts  to  realize  a  depletion  mode  6H-SiC  lateral  MOSFET  for 
high  temperature  applications  [3].  The  device  fabrication  follows  closely  to  the  SiC  MESFET 
fabrication  with  the  exception  that  before  a  gate  is  applied  to  the  device,  a  thermal  oxide  is  grown 
on  the  active  channel  area.  Due  to  the  use  of  submicron  e-beam  lithography,  channel  currents  in 
excess  of  200  mA/mm  and  a  record  setting  transconductance  of  12  mS/mm  have  been  obtained 
from  these  6H-SiC  MOSFETs.  Additionally,  simple  digital  and  analog  demonstration  circuits 
have  been  fashioned  with  these  devices. 

MOSFET  chips  were  laser  scribed  and  mounted  into  40  pin  ceramic  packages  to 
demonstrate  preliminary  monolithic  SiC  circuits.  Circuits  were  fashioned  by  wire  bond 
connections  directly  on  the  die  and  by  off  chip  connections  via  the  lead  package  pins.  SiC  analog 
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circuits  such  as  single-stage  transistor 
amplifiers,  depletion-loaded  differential  pairs, 
and  resistive-loaded  differential  pairs  were 
tested.  Functional  SiC  digital  building  blocks 
such  as  inverters  and  NOR  gates  were  also 
tested. 

Proper  operation  of  the  digital  circuits 
is  achieved  from  DC  to  frequencies  greater 
than  1  MHz;  however  some  distortion  in  the 
output  characteristics  is  observed  at  1  MHz 
due  to  parasitic  wiring  capacitance.  These 
circuits  have  also  been  tested  from  room 
temperature  to  300°C  and  show  little  if  any 
Figure  3  A  fully  air-bridged  6H-SiC  power  MESFET  degradation  at  elevated  temperatures.  More 
having  gate  lengths  of  0.5  micron  and  a  total  gate  elaborate  circuits  are  currently  being 
periphery  of  approximately  4  mm.  fabricated  to  further  test  this  technology. 

5.0.  Summary 

SiC  has  made  great  strides  in  the  last  several  years.  There  are  still  many  parameters  that  need  to 
be  optimized  in  both  the  material  growth  and  device  fabrication  but  its  semiconducting  properties 
offer  great  promise  for  power  generation  and  for  applications  in  hostile  environments  where  Si 
and  GaAs  cannot  operate. 
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Abstract  Development  of  high  current,  high  voltage  SiC-based  power  switches  relies  on  the 
wafer  size  and  defect  density  of  SiC  substrates.  Thus,  the  production  of  2  inch  diameter  6H- 
SiC,  n+  4H-SiC  wafers,  and  significant  advances  in  the  reduction  of  micropipe  defects  in  bulk 
crystals  will  be  presented.  In  addition,  two  types  of  power  switches,  MOSFETs  and  thyristors, 
have  been  demonstrated  in  SiC.  4H-SiC  vertical  power  MOSFETs  capable  of  blocking  150  V 
had  current  densities  of  100  A/cm^  at  a  drain  voltage  of  3.3  V,  and  were  successfully  operated 
up  to  300°C.  6H-SiC  npnp  thyristors  had  blocking  voltages  of  160  V  and  current  densities  of 
100  A/cm^  at  3.0  V,  and  were  operated  up  to  500°C.  The  first  thyristors  ever  fabricated  in 
4H-SiC  blocked  210  V  and  had  current  densities  of  500  A/cm^  at  3.8  V. 


1.  Introduction 

Silicon  carbide  has  been  projected  to  have  tremendous  potential  for  high  voltage  solid-state 
power  devices  with  very  high  voltage  and  current  ratings  because  of  its  high  electric 
breakdown  field  of  4x10^  V/cm  and  high  thermal  conductivity  of  4.9  W/cm-K.  The  high 
breakdown  field  allows  the  use  of  much  higher  doping  and  thinner  layers  for  a  given  voltage 
than  is  required  in  Si  devices,  resulting  in  much  lower  specific  on-resistances  for  unipolar 
devices  [1],  4H-SiC  shows  the  best  potential  for  high  power  operation  because  the  electron 
mobility  in  4H-SiC  is  almost  double  that  of  6H-SiC.  Moreover,  6H-SiC  exhibits  a  high 
degree  of  mobility  anisotropy,  having  a  mobility  in  the  (0001)  direction  that  is  l/5th  that  in  the 
basal  plane  [2],  yielding  a  lOx  advantage  for  4H-SiC  over  6H-SiC  for  vertical  power  devices. 

High  power  devices  (1-100  A)  have  large  active  areas  that  must  withstand  high  electric 
fields,  so  the  wafer  size  and  defect  density  of  SiC  is  a  key  factor  to  the  commercial  success  of 
this  technology.  This  paper  presents  results  on  several  topics  concerning  growth  of  SiC  bulk 
crystals.  The  development  of  heavily  nitrogen  doped  4H  crystals  up  to  10^9  for  use  as 
low  resistivity  substrates,  the  production  of  2  inch  diameter  6H-SiC  wafers  and  prospects  for 
growing  4H  and  6H  crystals  with  diameters  >  2  inch  will  also  be  discussed.  One  of  the  most 
important  defects  currently  limiting  the  production  of  large  area  power  devices  in  SiC  is  the 
"micropipe"  defect,  which  causes  device  failures  at  high  fields  [3].  Advances  in  the  reduction 
of  micropipe  defects  will  be  discussed.  Some  sources  of  dislocations  and  micropipes  will  also 
be  described. 

Despite  the  presence  of  these  micropipe  defects,  the  potential  for  SiC  power  devices  has 
now  been  demonstrated  by  several  types  of  device  structures  fabricated  in  both  6H  and  4H- 
SiC.  High  voltage  rectifiers  [4]  and  power  switches  such  as  power  MOSFETs  and  thyristors 
[5]  have  shown  desirable  characteristics.  This  paper  presents  results  on  MOSFETs  and 
thyristors  in  both  6H-SiC  and  4H-SiC  which  further  confirm  the  potential  of  this  material. 
Vertical  power  MOSFETs  and  thyristors  have  been  demonstrated  at  both  room  temperature 
and  high  temperatures.  All  of  these  devices  had  relatively  small  active  areas  in  order  to  avoid 
micropipe  defects  (about  100  cm‘2),  but  show  promise  for  much  larger  power  devices  as  the 
material  quality  is  improved. 
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2,  SiC  Substrates 

The  availability  of  relatively  large,  high  quality  wafers  of  silicon  carbide  (SiC)  for  device 
development  has  been  a  major  factor  in  the  recent  increased  interest  in  this  material  for 
electronic  and  optoelectronic  applications.  The  method  used  by  Cree  Research  to  produce 
single  crystal  SiC  boules,  a  modified  seeded  sublimation  process,  is  described  in  detail 
elsewhere  [6].  Cree  currently  produces  35  mm  diameter  n-type  6H-SiC  wafers  and  30  mm 
diameter  4H-SiC  wafers.  6H-SiC  wafers  50  mm  (2  inch)  in  diameter  are  in  pilot  production 
for  blue  LEDs  and  will  be  in  full  production  by  late  1994.  An  example  of  one  of  these  50  mm 
diameter  wafers  (lightly  nitrogen  doped)  is  shown  in  Fig.  1(c),  along  with  30  mm  and  35  mm 
diameter  6H-SiC  wafers  in  Fig.  1(a)  and  (b).  We  anticipate  that  76  mm  (3  inch)  SiC  wafers 
will  be  available  in  3  years.  The  increased  size  to  50  mm  and  then  76  mm  will  yield  2x  and 
4.7x  more  devices  on  a  wafer,  respectively,  compared  to  35  mm  diameter  wafers.  The 
crystals  can  be  doped  both  p  (Al-doped)  and  n-type  (N-doped)  with  resistivities  from  0.1  to 
40  a-cm  for  p-type  and  0.018  to  0.8  Q-cm  for  n-type  for  6H,  Nitrogen  doping  gives  6H-S1C 
a  green  color  and  aluminum  doping  gives  a  blue  color.  A  30  mm  p-type  6H  wafer  is  shown 
in  Fig.  1(d).  Although  we  have  produced  some  p-type  4H  in  research  efforts,  production  4H 
wafers  are  all  n-type  (N-doped).  A  30  mm  4H  wafer  is  shown  in  Fig.  1(e).  Light  nitrogen 
doping  gives  4H-SiC  a  tan  color  but  heavily  doped  material  is  dark  brown  or  opaque.  We 
have  recently  produced  heavily  nitrogen  doped  4H-SiC  wafers  as  high  as  Nd  =  lx  10^0  cm  ^ 
with  resistivities  as  low  as  0.0028  Q-cm.  Advances  in  the  production  of  this  polytype  are  of 
particular  interest  for  power  devices  since  the  electron  mobility  of  4H-SiC  has  been  measured 
to  be  as  high  as  1000  cm^W-s  for  lightly  doped  material,  parallel  to  the  c-axis  [2]. 

Silicon  carbide  wafers  currently  have  a  total  etch  pit  density  of  1-2x104  cm-^.  We  use  a 
combination  of  molten  salt  (KOH)  etching  and  automated  digitizing  optical  microscopy  as  an 
in-house  quality  assurance  step  in  wafer  production.  Using  this  method,  three  primary  types 
of  defects  are  seen.  These  defects  were  classified  as  EP-1,  EP-2  and  EP-3  by  Nakata  et  al. 
[7]  The  EP-1  defects  are  the  largest  and  are  caused  by  micropipes,  which  are  often 
associated  with  "super"  screw  dislocations  in  the  crystal  [8].  However,  there  are  several 
mechanisms  for  micropipe  formation  including  screw  dislocations  which  propagate  from  the 
seed,  carbon  inclusions,  and  silicon  droplets  on  the  growth  face.  The  diameter  of  the 
micropipes  can  vary  depending  on  the  growth  conditions  and  formation  mechanism  but  are 
typically  0.5  to  10  pm  in  diameter.  These  defects  are  fatal  for  most  kinds  of  devices, 
especially  for  high  voltage  power  devices  [3].  Silicon  carbide  wafers  have  traditionally  had 
rather  high  densities  (400-500  cm-2)  of  micropipes  but  recent  wafers  have  micropipe  densities 
as  low  as  55  cm"^  for  4H  and  87  cm"^  for  6H.  A  digitized  image  of  an  etched  30  mm  6H  SiC 
wafer  which  has  614  micropipes  or  87  cm-2  is  shown  in  Fig.  2.  It  is  important  to  note  that  the 
micropipes  are  not  evenly  distributed  throughout  the  wafer.  Some  rather  large  areas  which  are 
free  from  micropipes  can  be  found,  especially  in  4H  wafers.  Figure  3  shows  a  0.73  cm-2  area 
of  a  4H  wafer  which  only  has  one  micropipe  in  the  lower  left  comer  which  corresponds  to 
<1.4  cm‘2.  We  believe  that  micropipe  densities  can  be  rapidly  decreased  over  the  next  few 
years  and  possibly  eliminated  in  4-5  years. 


3.  Power  Device  Structures 

The  electric  breakdown  field  (Emax)  of  4H  pn  junction  diodes  has  been  characterized  as  a 
function  of  doping  [5]  and  temperature  [9].  A  doping  of  1.4x10^6  cm-^  yields  a  breakdown 
voltage  of  1000  V,  corresponding  to  an  E^ax  of  2.2x10^  V/cm.  In  forward  bias,  the  built-in 
potential  was  2.8  V.  In  reverse  bias,  the  highest  voltage  4H-SiC  diode  had  low  leakage 
rectification  to  -1 130  V.  A  negative  temperature  coefficient  for  the  electric  breakdown  field 
was  observed.  The  rate  of  decrease  in  breakdown  field  averaged  about  500  V/cm-K,  which 
corresponds  to  a  decrease  in  breakdown  voltage  of  8%  from  room  temperature  to  350°C. 
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Figure  1:  Silicon  carbide  wafers  produced  by  Cree  Research,  Inc.  (a)  30  mm  n-type  6H, 
(b)  35  mm  n-type  6H,  (c)  50  mm  (2  inch)  n-type  6H,  (d)  30  mm  p-type  6H, 
(e)  30  mm  n-type  4H. 


Figure  2:  Digitized  micrograph  of  an  etched 
30  mm  6H-SiC  wafer  which  has  614 
micropipes  which  is  87  cm'^.  Note  the 
non-uniform  distribution  of  micropipes. 


Figure  3:  A  micrograph  of  a  0.73  x  1.0  cm’^ 
area  of  an  etched  4H-SiC  wafer.  This  area 
has  one  micropipe  in  the  lower  left  comer. 
This  corresponds  to  <1.4  micropipes/cm^. 


3.1  4H-SiC  Vertical  Power  MOSFETs 

Silicon  carbide  vertical  power  MOSFETs  possess  a  strong  advantage  over  those  made  in 
silicon  because  the  high  voltage  layer  (drain-drift  region)  may  use  a  lOx  higher  doping  level 
and  one-tenth  the  thickness  for  a  given  voltage  due  to  the  much  higher  Emax  of  SiC. 
Ultimately,  this  could  translate  into  specific  on-resistances  that  are  as  low  as  l/300th  that  of 
equivalent  Si  devices  [1].  The  first  vertical  UMOS  power  MOSFET  stmctures  in  both  6H-and 
4H-SiC  were  reported  by  Palmour  et  al.  [5].  The  4H-SiC  MOSFETs  have  yielded  the  best 
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results  to  date.  The  UMOS  design  of  these  devices,  shown  in  Fig.  4,  utilized  n+  source 
fingers  ion  implanted  into  an  epitaxially  grown  p-type  channel  layer.  The  m  drain  epilayer 
was  isolated  using  a  reactive  ion  etched  mesa.  The  active  area  of  this  device  was 

6.7x  lO''^  cm2  and  the  gate  periphery  was  4  mm.  .  ,  , 

The  highest  current  devices  blocked  80  V  on  the  drain  and  could  withstand  current 

densities  as  high  as  368  mA  (550  PJcm^  and  0.92  A/cm  of  gate  periphery)  and  power 
densities  greater  than  10  kW/cm^.  A  drain  current  of  134  mA  (200  A/cm^)  was  obtained  at 
Vd  =  3.5  V,  which  corresponds  to  an  Rds(on)  of  1^.5  ma-cm^  at  a  gate  bias  of +16  V  The 
gmax  for  this  device  was  about  40  mS  (10  mS/mm).  The  channel  mobility  for  these  lower 
voltage,  higher  current  devices  was  about  20  cm^/V-sec.  A  higher  voltage  4H-SiC  UMOS 
device  is  shown  in  Figure  5.  This  device  blocked  150  V  and  could  achieve  a  drain  current  of 
67  mA  (100  A/cm2)  at  Vd  =  3.3  V  and  Vg  =  +18  V.  This  corresponds  to  an  Rds(on)  of  33  ma- 
cm2.  The  gmax  of  this  device  was  about  20  mS  (5  mS/mm).  The  channel  mobility  for  this 
device  was  about  7-12  cm^/V-sec.  The  highest  blocking  voltage  achieved  to  date  with  these 
4H  devices  was  180  V,  but  the  devices  on  that  wafer  had  a  higher  Rds(on)  of  74  ma-cm^. 

The  4H-SiC  UMOS  devices  were  also  characterized  as  a  function  of  temperature  [9]. 
The  drain  current  and  transconductance  increased  dramatically  with  a  temperature  increase 
from  27°C  to  150°C.  The  drain  current  increased  by  a  factor  of  almost  two  and  the 
transconductance  increased  by  50%.  These  increases  were  primarily  due  to  the  decrease  in 
threshold  voltage,  because  the  Rds(on)  remained  very  stable.  These  trends  continued  up  to 
300°C.  The  drain  current  increased  to  almost  3x  its  room  temperature  value  and  the 
transconductance  increased  by  a  factor  of  2.  Unfortunately,  these  devices  had  low  lifetimes  at 
temperatures  above  300°C,  exhibiting  gate  oxide  failure  during  measurement.  This  problem 
will  require  further  research. 

3.2  4H-SiC  Thyristors 

The  most  promising  thyristor  structure  to  date  has  been  a  npnp  device,  which  allows  the  use 
of  a  low  resistivity  n-type  substrate  [5].  These  6H-SiC  devices  showed  forward  and  reverse 
voltages  of  160  V  with  no  gate  current.  The  forward  breakover  voltage  was  reduced  to  -6  V 


Figure  4:  Cross-sectional  view  of  the 
n-channel  4H-SiC  vertical  MOSFET  device 
design.  The  drain-drift  layer  was  mesa 
isolated. 


DRAIN  VOLTAGE  (V) 


Figure  5:  I-V  characteristics  of  a  150  V 
UMOS  4H-SiC  vertical  UMOS  power 
MOSFET  structure.  (A=6.7xl0-4  cm^). 
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with  a  trigger  current  of  -200  (lA.  These  devices  had  a  relatively  low  voltage  drop  of  -3.0  V 
for  -105  mA  (100  A/cm^).  With  the  built-in  voltage  of  2.65  V  subtracted,  this  corresponds 
to  a  specific  on-resistance  of  3.6  m^l-cm2. 

These  6H-SiC  npnp  devices  were  successfully  operated  at  high  temperatures  [9].  When 
the  device  was  heated  to  350°C,  the  gate  current  required  for  a  -7  V  breakover  dropped  to  -150 
jiA.  The  built-in  voltage  at  350°C  decreased  to  about  -2.0  V,  but  the  bulk  resistance  increased 
to  10  ma-cm2  due  to  decreasing  mobilities  (for  electrons  and  holes)  with  increasing 
temperature.  These  offsetting  effects  meant  that  the  voltage  drop  for  100  A/cm^  was  still 
about  -3.0  V.  This  thyristor  operated  well  to  temperatures  as  high  as  500°C,  with  a  leakage 
current  at  -100  V  of  only  -43  pA  (4x1 0'^  A/cm^).  The  forward  breakover  voltage  with  a  gate 
current  of  -150  pA  was  reduced  to  about  -3.0  V.  The  built-in  voltage  at  500°C  was  further 
decreased  to  -1.8  V  and  the  specific  on-resistance  was  still  about  10  mD-cm^,  resulting  in  a 
voltage  drop  of  -2.75  V  for  a  current  density  of  100  A/cm^. 

This  same  structure  has  now  been  fabricated  for  the  first  time  in  the  4H-SiC  polytype, 
which  has  a  higher  conductivity  in  the  c-direction.  The  device  structure  of  the  4H-SiC  npnp 
thyristors  is  shown  in  Figure  6.  They  utilized  a  mesa  structure,  with  all  of  the  doping  being 
done  in  situ  during  epitaxy.  The  area  of  the  device  was  1.05x10-^  cm^  and  the  device 
periphery  was  terminated  using  a  reactive  ion  etched  mesa.  These  devices  showed  a  forward 
blocking  voltage  of  -210  V  with  no  gate  current,  as  shown  in  Figure  7.  The  forward 
breakover  voltage  was  reduced  to  -3.1  V  with  a  trigger  current  of  -500  pA.  The  voltage  drop 
for  a  current  of  -105  mA  (100  A/cm^)  was  -3.1  V.  This  device  was  subjected  to  forward 
currents  as  high  as  -525  mA  (500  A/cm^).  The  voltage  drop  for  this  high  current  density  was 
still  less  than  -3.8  V,  as  shown  in  the  inset  of  Fig.  7.  With  the  built-in  voltage  of  2.85  V 
subtracted,  this  thyristor  had  a  specific  on-resistance  of  1.75  mn-cm^,  which  compares 
favorably  with  the  3.6  mfli-cm^  observed  for  the  6H-SiC  160  V  thyristors  discussed  above. 
This  improved  on-resistance  results  in  a  lower  voltage  drop  for  500  A/cm^  for  the  4H-SiC 
devices  despite  their  higher  built-in  potential  of  2.85  V  as  compared  with  2.6  V  for  6H-SiC. 


Figure  6:  Cross-sectional  view  of  the  npnp 
4H-SiC  thyristor  device  design.  The 
outer  perimeter  was  mesa  isolated. 


Figure  7:  Forward  bias  I-V  characteristics  of 
a  4H-SiC  npnp  thyristor  at  21°C  showing 
200  V  capability.  Inset  shows  the  low 
voltage,  high  current  characteristics.  The 
area  is  1.05x10'^  cm'^. 
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4.  Conclusions 

Significant  advances  have  been  made  in  both  the  size  and  quality  of  both  6H-  and  4H-SiC 
substrates.  Fifty  mm  diameter  6H-SiC  substrates  are  now  being  transitioned  into  production 
quantities.  High  quality,  low  resistivity  (n+)  4H-SiC  wafers  can  now  be  produced  with 
micropipe  densities  as  low  as  55  cm-2  over  the  entire  wafer,  with  some  significantly  large 
areas  (0.73  cm^)  that  are  virtually  "micropipe  free".  Two  power  switch  structures  have  now 
been  demonstrated  in  SiC,  showing  promise  for  high  power,  high  temperature  operation.  The 
level  of  doping  allowed  for  a  given  voltage  is  much  higher  than  in  Si  and  the  layer  thickness  is 
about  1/lOth  that  required  for  Si.  This  is  a  particularly  strong  advantage  for  unipolar  power 
MOSFETs,  where  it  will  eventually  result  in  dramatically  lower  on-resistances  than  for  Si 
devices  of  equivalent  size,  or  allow  dramatically  smaller  SiC  device  sizes  for  the  same  on- 
resistance.  Vertical  UMOS  devices  have  been  fabricated  in  4H-SiC  with  160  V  capability  and 
a  specific  on-resistance  of  33  mli-cm^.  These  MOSFETs  operated  well  up  to  300°C,  but  are 
currently  limited  by  oxide  breakdown  above  that  temperature.  The  first  reported  4H-SiC  npnp 
thyristors  had  210  V  capability  and  had  a  forward  voltage  drop  of -3.8  V  for  500  A/cm^.  6H- 
SiC  npnp  thyristors  operated  well  up  to  500°C. 
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Abstract.  This  paper  reports  on  substantial  improvements  in  device  performance  and 
reduction  of  the  parasitic  and  leakage  currents  in  gallium  arsenide  (GaAs)  metal  semiconductor 
field  effect  transistor  (MESFET)  devices  and  circuits  at  temperatures  up  to  350®C.  These 
improvements  in  device  performance,  which  have  been  verified  on  over  300  transistors 
measured  on  twenty  different  wafers,  are  obtained  by  a  judicious  choice  of  substrate  material, 
contact  technology,  device  layout,  and  device  biasing.  In  addition,  these  MESFET’s  also 
displayed  an  enhanced  resistance  to  breakdown  at  elevated  temperatures.  The  methods  used  to 
realize  these  improvements  have  general  applicability  and  work  equally  well  with  both 
enhancement  and  depletion  n-channel  MESFET’s. 


1.  Introduction 

High  temperature  electronics  for  automobile,  aeronautical,  geothermal,  computer,  military, 
nuclear  and  space  applications  [1-9]  have  received  increased  attention  in  the  last  few  years. 
Wide  band-gap  semiconductors  including  silicon  carbide  (SiC)  and  gallium  nitride  (GaN) 
show  great  potential  for  use  in  high  temperature  electronic  applications.  However,  for  wide 
band-gap  devices,  improvements  in  the  process  and  fabrication  technology  is  required  to 
attain  reliable  small  scale  (SSI)  and  medium  scale  integration  (MSI)  circuits.  Due  to  a 
relatively  mature  process  and  fabrication  technology,  gallium  arsenide  (GaAs)  is  an  attractive 
material  system  for  use  in  high  temperature  (and  high  speed)  electronics.  While  Ga As-based 
devices  have  been  investigated  for  elevated  temperature  applications,  previous  reports  on  the 
high  temperature  characteristics  of  GaAs  metal  semiconductor  field  effect  transistors 
(MESFET s)  have  indicated  problems  such  as  those  caused  by  parasitic  currents  [10-13]. 

Recently,  there  have  been  several  reports  on  low  leakage  GaAs  MESFET  [14]  and 
Heterojunction  FET  devices  [15-18]  for  high  temperature  applications.  However  the 
techniques  used  require  complex  etching  and/or  multilayer  device  structures  which  rule  them 
out  for  use  in  low  cost,  high  yield  manufacturing  and  fabrication  applications. 


2.  Fabrication 

All  of  the  MESFET's  discussed  in  this  paper  were  fabricated  on  (100)  oriented  and  semi- 
insulating  (SI)  GaAs  substrates.  To  form  active  regions  in  the  semi-insulating  CaAs 
substrates,  single  or  multiple  silicon  (^^Si)  implantation  into  photoresist  coated  (selective) 
and  bare  (blanket)  substrates  were  performed.  Typically,  the  wafers  were  degreased  and 
then  etched  in  a  solution  of  NH4OH-H2O2-H2O.  Prior  to  AuGeNi  Ohmic  contact 
deposition,  the  wafers  were  cleaned  in  a  NH4OH-H2O2-H2O  etch  solution  and  rinsed  in  a 
NH4OH-H2O  solution.  All  of  the  ^^Si  implants  were  performed  and  annealed  before  the 
proton  bombardment  step  (for  those  wafers  that  received  a  proton  bombardment  step).  The 
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wafers  were  proton  bombarded  at  an  energy  of  100  KeV  with  a  dose  of  2  xlO^'^  cm^. 
Annealing  of  the  implants  were  performed  in  a  furnace  under  either  Si02  capping,  Si3N4 
capping  or  ASH3  +  H2  overpressure  at  a  representative  annealing  temperature  of  SSO^C  for 
30  minutes.  Typical  room  temperature  leakage  currents  between  Ohmic  contacts  isolated  by 
proton  bombardment  or  by  mesa  etching  were  in  the  10"^  A  range.  The  MESFET  gate 
metalization  was  either  TiPtAu  or  refractory  TiWN.  In  the  case  of  TiWN,  a  self-aligned  gate 
(SAG)  process  was  used  in  the  fabrication  of  both  discrete  MESFET's  and  MESFET-based 
circuits.  It  should  be  noted  that  the  technique  used  in  this  work  has  been  applied  to  devices 
processed  under  significantly  different  technologies  and  conditions  on  substrates  obtained 
from  a  wide  variety  of  vendors.  Therefore,  the  results  presented  in  this  paper  should  be  of  a 
very  general  nature  and  applicable  to  all  types  of  GaAs  MESFET  structures. 


3.  The  thermal  leakage  reduction  technique 

The  origin  of  the  substrate  leakage  current  at  elevated  temperatures  can  be  explained  as 
follows:  at  elevated  temperatures,  the  GaAs  SI  substrate  becomes  semiconducting  due  to 
thermal  generation  of  carriers  and  can  no  longer  be  viewed  or  treated  as  semi-insulating. 
This  elevated  temperature  semiconducting  behavior  of  the  GaAs  substrate  permits  parasitic 
interactions  between  the  active  MESFET  and  the  substrate.  Based  on  comprehensive  studies, 
that  have  [19]  and  will  be  [20]  presented  in  detail  elsewhere,  the  active  MESFET/substrate 
parasitic  interactions  primarily  manifest  themselves  in  source-  and  drain-to-substrate 
thermally  generated  leakage  currents.  Simply  stated,  the  electrical  properties  of  the  source- 
and  drain-to-substrate  system  is  of  a  rectifying  behavior. 

The  essence  of  the  thermal  reduction  technique  used  in  this  work  is  the  substrate  bias 
effect.  Based  on  the  discussion  above,  a  single  isolated  MESFET  with  the  source  at  ground 
potential  will  be  used  to  illustrate  and  explain  the  substrate  bias  effect.  When  the  substrate  is 
left  floating  or  grounded  and  a  positive  bias  is  applied  to  the  drain,  the  drain-to-substrate 
"diode"  becomes  forward-biased  with  a  resultant  thermal  "leakage"  current  that  is 
exponentially  dependent  on  temperature.  The  key  to  successful  high  temperature  operation 
using  our  technique  is  to  eliminate  or  substantially  reduce  the  drain-to-substrate  leakage 
current.  By  treating  the  substrate  as  an  active  element  (essentially,  the  fourth  terminal)  of  the 
MESFET,  it  is  then  possible  to  turn  off  the  source-  and  drain-to-substrate  "diodes"  by 
applying  a  voltage  that  reverse-biases  the  "diodes".  This  can  be  accomplished  by  applying  a 
voltage  to  the  substrate  that  is  more  positive  by  typically  1  volt  than  the  largest  positive 
voltage  applied  to  the  drain.  Turning  off  these  "parasitic"  Aodes  thus  produces  a  remarkable 
reduction  in  the  drain  leakage  current. 


4.  Experimental  methodology 

Figure  1  shows  the  25 ’C  drain  current  (I^)  versus  drain  voltage  (Vds)  curves  as  a  function  of 
gate  voltage  (V^s)  of  a  typical  20x1  pm  (i.e„  nominal  20  pm  width  and  1  pm  gate  length) 
MESFET  used  in  this  work.  As  can  be  seen  from  Figure  1,  respectable  room  temperature 
MESFET  behavior  was  obtained  with  an  acceptable  output  resistance  (ro)  in  saturation  of 
approximately  2  kQ, 

Parasitic  leakage  current  effects  were  most  easily  observed  by  monitoring  the  changes 
in  the  saturation  region  slope  of  the  Id-Vds  curve  (i.e.,  dId/dVds,  or  the  drain  conductance). 
Ideally,  the  saturation  region  dId/dVds  should  be  as  small  as  possible.  At  some  temperature, 
typically  in  the  range  of  175  to  250X,  all  standard  GaAs  MESFET's  will  experience  a  sharp 
rise  in  leakage  currents  which  eventually  dominate  MESFET  device  and  circuit  behavior. 
Figure  2  shows  the  0  volt  substrate,  250“C  Id  versus  Vds  curves  for  the  same  MESFET  used 
to  obtain  the  data  shown  in  Figure  1.  Based  on  the  data  shown  in  Figures  1  and  2,  for  Vgs 
equal  to  0.4  volts,  the  saturation  region  dId/dVds  for  the  same  20x1  pm  depletion 
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Figure  1.  25“C  MESFET  Id  vs.  Vds  curves,  Vgs  ranges  from  0.4  to  -1.8  volts  in  0.2  volt 
steps.  0  volts  applied  to  substrate. 

MESFET  without  substrate  bias  increased  from  120|aS  at  25“C  to  3.11  mS  at  250'’C. 
Increases  in  the  saturation  region  dId/dVds  are  undesirable.  In  contrast,  by  employing  our 
technique,  the  saturation  region  dId/dVds  was  remarkably  stable  for  temperatures  up  to 
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Figure  2.  250'’C  Id  vs.  Vds  plots  of  the  same  MESFET  as  that  of  Figure  1.  0  volt  substrate 

bias  applied. 
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300°C.  The  data  shown  in  Figure  3  was  taken  under  identical  conditions  to  that  of  Figure  2 
except  that  a  bias  of  6  volts  was  applied  to  the  substrate.  Under  6  volt  substrate  bias  and  for 
a  Vgs  of  0.4V,  the  MESFET's  saturation  region  dId/dVds  was  116|iS  at  room  temperature. 


Figure  4.  300*C  Id  vs.  Vds  plots  of  the  same  MESFET  as  that  of  Figure  1.  6  volt  substrate 
bias  applied. 
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This  figure  of  merit  reduced  to  56  jitS  at  200°C  and  remained  steady  at  this  value  to  300“ C. 
Figure  4  shows  the  300“ C  MESFET's  Id  versus  Vds  curves  with  a  6  volt  substrate  bias 
applied.  Utilizing  the  substrate  bias  technique,  the  MESFET's  were  also  extremely  stable  at 
350“ C.  Using  this  technique,  we  have  also  experimentally  constructed  and  demonstrated 
useful  circuits  such  as  differential  amplifiers  and  digital  logic  with  TTL  output  levels  that 
could  operate  for  prolong  periods  of  time  at  temperatures  over  300“C  without  any  indication 
of  degradation.  Without  the  substrate  bias  technique,  device  and  circuit  operation  was  not 
possible  above  250“C.  Although  not  discussed  in  this  paper,  similar  results  were  also 
obtained  for  enhancement  MESFET's. 

The  transconductance  characteristics  (gm  =  dId/dVgs)  were  also  favorably  controlled 
with  a  substrate  bias  of  6  volts  at  temperatures  up  to  300“C  and  beyond.  Maximum  gm  at 
25“C  for  the  20x1  ^im  depletion  transistor  was  approximately  179  mS/mm.  At  200“C,  the 
gm  value  reduced  to  141  mS/mm  and  at  300“C,  the  gm  value  was  119  mS/mm.  Figure  5 
shows  the  300“C  transconductance  data  obtained  from  two  different  MESFET's  (labelled  A 
and  B,  respectively)  having  different  nominal  tum-on  voltages  at  three  different  values  of 
Vds  (MESFET  A:  Vds  =  1-5,  3,  and  4.5  volts;  MESFET  B:  Vds  =  1,  2.5,  and  4  volts). 
As  can  be  clearly  seen  from  Figure  5,  when  using  substrate  biasing  at  high  temperatures  (in 
this  case  6  volts  and  300“ C,  respectively),  gm  is  well-behaved  with  no  indication  of 
degradation  due  to  parasitic  leakage  currents. 


Vgs  (V) 


Figure  5.  300“C  gm  data  taken  at  three  values  of  Vds  (MESFET  A::Vds  =  1.5,  3,  and  4.5 
volts;  MESFET  B:  Vds  =  1,  2.5,  and  4  volts)  for  two  different  20x1  ^tm  MESFET's  having 

different  nominal  tum-on  voltages. 


5.  Conclusions 

In  conclusion,  a  novel  technique  utilizing  substrate  biasing  has  been  developed  which 
provides  reproducible  control  of  the  high  temperature  leakage  currents  and  breakdown  of 
GaAs  MESFET  devices  and  circuits.  To  date  digital  circuit  operation  at  temperatures  up  to 
350“C  with  TTL  output  levels  has  been  realized  and  functional  analog  circuits  have  also  been 
constmcted  that  operate  beyond  300“C.  We  are  presently  designing  small  and  medium  scale 
high  temperature  GaAs  MESFET  digital  logic  circuits  for  ambient  temperature  operation  in 
the  temperature  range  of  200  to  350“C. 
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SiC  Microwave  Power  MESFET's  and  JFET's 
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Abstract.  In  recent  years,  silicon  carbide  has  received  increased  attention  because  of  its  potential 
for  high  power  microwave  devices.  Sub-micron  gate  length  MESFET's  fabricated  using  the  6H 
and  4H  polytypes  have  achieved  /max  =  GHz  and  16.3  GHz  and  /x  =  8.3  GHz  and  8.0  GHz, 
respectively.  The  4H-SiC  MESFET  achieved  a  maximum  power  density  of  2.8  W/mm  @1.8  GHz 
which  is  the  highest  ever  reported  for  a  SiC  MESFET.  SiC  JFET's  are  promising  for  high 
temperature  applications  because  they  should  have  very  low  leakage  currents.  Experimental  6H- 
SiC  JFET's  have  achieved  /max  =  4.8  GHz  and  /  j  =  3.0  GHz. 


1.  Introduction 

In  recent  years,  silicon  carbide  has  received  increased  attention  because  of  its  potential  for 
high  power  microwave  devices.  The  high  electric  breakdown  field  of  4  x  10^  V/cm,  high 
saturated  electron  drift  velocity  of  2  x  10^  cm/sec,  and  high  thermal  conductivity  of  4.9 
W/cm-°K  indicate  that  SiC  is  a  very  promising  material  for  high  power,  high  frequency 
operation.  The  wide  bandgap  should  also  allow  SiC  FET's  to  have  significant  R.F.  output 
power  at  high  temperatures  [1].  Until  recently  the  SiC  poly  type  that  had  received  the  most 
attention  in  the  last  few  years  has  been  6H-SiC,  since  it  had  the  best  crystal  quality  of  the 
established  polytypes.  Submicron  MESFET's  have  been  fabricated  in  6H-SiC  and  have 
demonstrated  desirable  microwave  performance  [2-3].  Another  polytype  that  shows  even 
more  potential  for  high  power,  high  frequency  operation  is  4H-SiC,  because  the  electron 
mobility  in  4H-SiC  is  about  twice  as  high  as  that  of  6H-SiC  [4]  while  retaining  the  other 
desirable  features  of  6H-SiC. 

We  report  D.C.  and  S-parameter  results  obtained  with  6H-SiC  and  4H-SiC  MESFET’s. 
The  maximum  frequencies  of  oscillation  (/max)  of  13.9  GHz  and  16.3  GHz  calculated  from 
S-parameters  are  the  highest  reported  to  date  for  6H-SiC  and  4H-SiC  MESFET's  on 
conducting  substrates,  respectively.  The  measured  continuous  wave  power  density  of  2.8 
W/mm  at  1.8  GHz  is  the  highest  power  density  ever  reported  for  a  SiC  MESFET  and  two 
times  the  highest  ever  reported  for  a  GaAs  MESFET  [5].  A  6H-SiC  JFET  is  reported  with  an 
/max  =  4.8  GHz  which  is  the  highest  ever  reported  for  a  SiC  JFET. 


2.  SiC  MESFET's 

2.1.  Device  design  and  fabrication 

The  MESFET  utilized  a  two  fingered  design  with  each  gate  finger  being  166  \im,  for  a  total 
gate  width  of  332  |im.  The  gate  length  was  0.5  jim,  and  the  source-gate  and  gate-drain 
spacings  were  0.2  pm  and  0.9  pm,  respectively.  The  MESFET  was  placed  in  a  coplanar  high 
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Figure  1 .  Device  cross-section  showing  material  Figure  2.  SEM  photomicrograph  of  MESFET 

layers  and  metal  contacts.  channel  region,  Lg  =  0.5  p^m. 

frequency  probing  pattern  for  on- wafer  small  signal  and  power  measurements.  The  cross- 
sectional  device  design  is  shown  in  Figure  1.  It  is  similar  to  that  reported  previously  by 
Palmour,  et.  al.  [3]  with  the  N+  source  and  drain  regions  formed  by  epitaxial  growth  and  the 
channel  recess  formed  by  reactive  ion  etching.  The  material  structure  consisted  of  an  n-type 
SiC  substrate,  7.5  jim  p-type  isolation  epilayer  doped  about  3  x  lO^^  cm'^,  n-type  channel 
epilayer  and  0.15  p,m  N+  contact  layer  doped  >2x  lO^^cm"^.  The  MESFET  was  fabricated 
using  six  lithography  steps  two  of  which  were  done  on  a  Cambridge  EBML-300  direct  write 
electron  beam  system.  The  fabrication  flow  consisted  of  mesa  isolation  etch,  N+  epi  etch, 
dielectric  deposition,  ohmic  metal  deposition  and  anneal,  Schottky  gate  metal  definition  and 
lift-off,  and  pad  metallization.  The  source  and  drain  metal  contacts  were  annealed  Ni  and  the 
pad  metallization  was  Au.  An  SEM  photomicrograph  of  the  channel  region  of  the 
unpassivated  MESFET  is  shown  in  Figure  2. 


2.2.  6H-SiCD.C.  andR.F.  performance 

The  I-V  characteristic  of  a  6H-SiC  MESFET  fabricated  with  a  channel  doping  of  2.3  x  lO^^ 
cm is  shown  in  Figure  3.  The  drain  current  density  at  Vds  =  20  V,  Vgs  =  0  V  is  about  240 
mA/mm  with  a  maximum  extrinsic  transconductance  of  44,7  mS/mm.  S-parameters  were 
measured  on-wafer  from  45  MHz  to  26.5  GHz  using  an  HP8510  network  analyzer  and 
Cascade  Microtech  probes.  S-parameters  from  this  device  were  used  to  calculate  current  gain 
(H21),  maximum  stable  gain  (MSG),  and  maximum  available  gain  (MAG)  which  are  plotted 
in  Figure  4.  The  measurement  conditions  were  Vds  =  40  V,  Ids  =  88.4  mA,  Vgs  =  -2.0  V,  and 
la  =  12.8  \iA.  The  unity  current  gain  cutoff  frequency  fj  was  8.3  GHz.  The  /max  (13.9 
GHz)  is  the  highest  reported  to  date  for  a  6H-SiC  MESFET  on  a  conducting  substrate.  The 
small  signal  gain  was  9.4  dB  at  5  GHz  and  2.7  dB  at  10  GHz. 


2.3.  4H-SiC  D.C.  and  R.F.  performance 

The  I-V  characteristic  of  a  4H-SiC  MESFET  fabricated  with  a  channel  doping  of  3.7  x  10 12 
cm "3  is  shown  in  Figure  5.  The  drain  current  density  at  Vds  =  20  V,  Vas  =  0  V  is  about  186 
mA/mm  with  a  maximum  extrinsic  transconductance  of  42.7  mS/mm.  Measured  S- 
parameters  were  used  to  calculate  the  high  frequency  gains  of  the  device  which  are  plotted  in 
Figure  6.  The  measurement  conditions  were  Vds  =  40  V,  Ids  =  92.3  mA,  Vgs  =  0  V,  and  Ig  = 
0.1  |iA.  The  unity  current  gain  cutoff  frequency  fj  was  8.0  GHz.  The  /max  (16.3  GHz)  is 
the  highest  reported  to  date  for  a  4H-SiC  MESFET  on  a  conducting  substrate.  The  small 
signal  gain  was  1 1  dB  at  5  GHz  and  5.1  dB  at  10  GHz, 
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Figure  3. 1-V  characteristics  of 
6H-SiC  MESFET. 
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Figure  4.  IH21I,  MSG,  and  MAG  of 
6H-SiC  MESFET. 


The  output  power  of  another  4H-SiC  MESFET  was  measured  on- wafer  using  an  ATN 
LPl  On-Wafer  Load  Pull  System,  This  device  had  slightly  larger  channel  dimensions  with 
Lg  =  0.7  pm,  Lsg  =  0.3  pm  and  Lgd  =  0.8  pm.  The  channel  doping  was  1.7  x  10  cm"^^.  The 

unity  current  gain  cutoff  frequency  and  maximum  frequency  of  oscillation  of  this  device  were 
6.7  GHz  and  12.9  GHz,  respectively.  The  power  measurement  conditions  were  Vds  =  54  V, 
^gs  =  -2  V,  and  Ids  =  77.4  mA.  The  maximum  output  power  29.72  dBm  (0.937  W)  was 
achieved  with  6.7  dB  gain,  12.7%  power  added  efficiency,  and  15.4%  drain  efficiency  using 
an  input  power  of  23  dBm  with  the  loadpull  system  tuned  for  maximum  output  power.  The 
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Figure  5. 1-V  characteristic  of 
4H-SiC  MESFET. 
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Figure  6.  iFI21l,  MSG,  and  MAG  of 
4H-SiC  MESFET. 
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maximum  power  was  limited  by  the  onset  of  gate  breakdown.  The  maximum  power  density 
was  2.8  W/mm  which  is  the  highest  ever  reported  for  a  SiC  MESFET.  By  reducing  the  drive 
level  to  21  dBm  the  gain,  power  added  efficiency,  and  drain  efficiency  improved  to  8.15  dB, 
14.8%,  and  17%  respectively,  but  the  output  power  decreased  to  29.15  dBm  (2.5  W/mm). 
Although  the  drain  efficiency  may  seem  low  it  should  be  remembered  that  for  Class  A 
operation  the  theoretical  drain  efficiency  with  the  device  tuned  for  maximum  output  power  is 
only  25%.  The  device  efficiency  can  be  increased  by  changing  the  load  line  in  such  a  way  as 
to  reduce  the  output  power  level,  but  increase  the  power  added  efficiency.  The  maximum 
possible  efficiency  for  Class  A  operation  is  50%. 

Although  the  /t,  /max.  and  power  density  are  the  highest  reported  for  6H-SiC  and 
4H-SiC  MESFET's  on  conducting  substrates,  the  present  devices  are  far  from  optimized. 
First,  the  breakdown  voltages  of  these  devices  are  about  half  of  the  theoretical  values  for  these 
doping  densities.  For  the  power  measurement  the  maximum  operating  voltage  of  the  Eg  =  0.7 
\im  4H-SiC  MESFET  was  54  V,  but  from  a  theoretical  standpoint,  a  SiC  device  with  a 
channel  doping  of  1.7  x  10 cm’^  should  have  a  breakdown  voltage  close  to  175  V  which 
would  allow  an  operating  voltage  close  to  80  V.  The  higher  operating  voltage  would 
significantly  increase  the  power  density  of  the  device.  Second,  the  specific  contact  resistance 
to  the  N+  epilayer  was  5  x  10“^  Q-cm^  and  the  sum  of  the  metal  contact  and  N+  contact  layer 
resistance  to  the  channel  epilayer  was  5  Q-mm.  Reduction  of  these  parasitic  resistances 
would  significantly  increase  the  extrinsic  transconductance  of  the  transistor.  Finally, 
approximately  half  of  the  input  capacitance  of  these  MESFET's  is  contributed  by  the  gate  pad 
which  presently  sits  on  a  dielectric  film.  The  use  of  a  semi-insulating  SiC  substrate  would 
significantly  reduce  this  parasitic  input  capacitance.  With  these  improvements  a  two-fold 
increase  in  power  density,  /T,  and  /max  is  achievable. 


3.  SiC  JFET’s 

3.L  Device  design  and  fabrication 

High  frequency  SiC  JFET's  are  of  interest  for  high  temperature  RF  applications  because  niuch 
lower  gate  leakages  should  be  obtained  with  a  pn  junction  at  high  temperature  than  with  a 
Schottky  gate.  The  first  6H-SiC  high  frequency  JFET  devices  reported  had  an  /max  of  1.0 
GHz  [6].  Subsequent  6H-SiC  JFET's  have  been  fabricated  using  the  same  processing  and 
cross-sectional  design  described  in  ref.  [6].  The  JFET's  utilized  the  same  two  fingered  device 
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Figure  7.  Cross  section  of  6H-SiC  JFET  with  ion  implanted  source  and  drain. 


design  and  the  same  coplanar  probing  pattern  that  was  described  earlier  for  the  MESFET's. 
The  material  structure  consisted  of  an  n-type  6H-SiC  substrate,  7.5  |Xm  p-type  isolation 
epilayer  doped  about  4  x  10 cm "3, 0.23  |Lim  n-type  channel  epilayer  doped  3.1  x  lO^^  cm'^, 
and  P+  gate  epi  doped  5  x  10^^  cm"^.  The  epitaxially  grown  P+  gate  layer  was  subsequently 
reactive  ion  etched  to  form  the  gate  mesa.  Source  and  drain  wells  were  then  ion  implanted, 
after  which  Ni  ohmic  contacts  were  deposited,  as  shown  in  Fig.  7.  The  gate  contact  was  then 
overlayed  on  top  of  the  gate  mesa  using  the  direct  write  electron  beam  aligner.  The  resulting 
strueture  was  a  gate  mesa  length  of  1.3  pm  and  source-gate  and  gate-drain  spacings  of  0.6  pm 
and  0.7  pm,  respectively. 

3.2.  6H-SiC  JFET D. C.  and  R.F.  performance 

The  I-V  characteristics  of  a  6H-SiC  JFET  are  shown  in  Figure  8.  The  drain  current  density  at 
Vds  =  20  V,  Vgs  =  0  V  is  about  220  mA/mm  with  a  maximum  extrinsic  transconductance  of 
25.5  mS/mm.  S-parameters  from  this  device  were  used  to  calculate  current  gain  (H21), 
maximum  stable  gain  (MSG),  and  maximum  available  gain  (MAG)  which  are  plotted  in 
Figure  9.  The  measurement  conditions  were  Vds  =  30  V,  Ids  =  73.3  mA,  Vgs  =  0  V,  and  Ig  = 
1.29  mA.  The  unity  current  gain  cutoff  frequency  /t  was  3.0  GHz.  The  /max  was  4.8  GHz, 
a  4.8X  improvement  over  previous  JFET’s.  This  is  the  highest  /max  reported  to  date  for  a 
SiC  JFET. 

Although  these  devices  have  shown  a  marked  increase  in  /max,  they  are  still  quite  low 
compared  to  the  MESFET's.  However,  it  should  be  stressed  that  the  MESFET's  have  had 
much  more  development.  Parasitics  that  are  currently  limiting  the  JFET's  are  gate  resistance 
due  to  the  low  hole  mobility  in  the  P+  layer,  and  the  relatively  long  gate  length  of  1.3  pm 
compared  to  the  0.5  pm  gate  lengths  for  the  MESFET's.  The  long  gate  length  is  currently 
required  because  of  the  need  to  align  the  gate  metal  on  top  of  the  gate  mesa.  Methods  of 
obtaining  a  self-aligned  gate  structure  are  being  investigated. 


Drain  Voltage  (V) 


Figure  8.  I-V  characteristics  of 
6H-SiC  JFET. 


Figure  9.  IH21I,  MSG,  and  MAG  of 
6H-SiC  JFET. 


394 


4.  Acknowledgments 

The  authors  would  like  to  acknowledge  the  help  of  S.  Macko  and  H.S.  Kong  of  Cree  Research 
for  epitaxial  growth,  processing  engineers  and  technicians  at  both  Motorola  and  Cree 
Research,  and  the  management  support  at  both  companies.  Thanks  also  are  due  to  David 
Wandrei  of  ATN  Microwave,  Inc.,  Billerica,  MA  01821  for  taking  the  on-wafer  power 
measurements.  This  MESFET  research  was  sponsored  in  part  by  Dr.  Y.S.  Park  of  the  Office 
of  Naval  Research  under  Contract  #  N00014-92-C-0083.  The  JFET  research  was  sponsored 
in  part  the  Dept,  of  the  Air  Force,  Wright  Laboratories,  Contract  No.  F33615-93-C-1294, 
monitored  by  R.  Blumgold. 


References 

[1]  M.W.  Shin,  G.L.  Bilbro,  and  R.J.  Trew,  "High  Temperature  Operation  of  N-Type  6H-SiC  and  P-Type 
Diamond  MESFET’s,"  1993  lEEE/Cornell  Conference,  August,  1993,  pp.  421-430. 

[2]  S.  Sriram,  R.C.  Clarke,  M.H.  Hanes,  P.G.  McMullin,  C.D.  Brandt,  T.J.  Smith,  A.A.  Burk,  Jr.,  H.M. 
Hobgood,  D.L.  Barrett,  and  R.H.  Hopkins,  "SiC  Microwave  Power  MESFET’s,  in  Silicon  Carbide  and 
Related  Materials  ,  M.G.  Spencer,  R.P.  Devaty,  J.A.  Edmond,  M.  Asif  Khan,  R.  Kaplan,  and  M. 
Rahman  (Eds.),  Inst.  Phys.  Pub.,  Bristol,  No.  137,  1994,  pp.  491-494. 

[3]  J.W.  Palmour,  C.H.  Carter,  Jr.,  C.E.  Weitzel,  and  K.J.  Nordquist,  "High  Power  and  High  Frequency 
Silicon  Carbide  Devices,"  to  be  published  in  Diamond,  SiC  and  Nitride  Wide~Bandgap  Semiconductors, 
C.H.  Carter,  Jr.,  G.  Gilden  Blatt,  S.  Nakamura,  and  R.J.  Nemanich  (Eds.),  Mat.  Res.  Soc.  Proc.,  Vol. 
339,  Pittsburgh,  PA,  1994. 

[4]  W.J.  Schaffer,  H.S.  Kong,  G.H.  Negley,  and  J.W.  Palmour,  "Hall  Effect  and  C-V  Measurements  on 
Epitaxial  6H-  and  4H-  SiC,"  in  Silicon  Carbide  and  Related  Materials,  M.G.  Spencer,  R.P.  Devaty, 

J.A.  Edmond,  M.  Asif  Khan,  R.  Kaplan,  and  M.  Rahman  (Eds.),  Inst.  Phys.  Pub.,  Bristol,  No.  137, 

1994,  pp.  155-159. 

[5]  H.M.  Macksey  and  F.H.  Doerbeck,  "GaAs  FETs  Having  High  Output  Power  Per  Unit  Gate  Width," 
IEEE  Electron  Device  Letters,  Vol.  EDL-2,  No.  6,  June,  1981,  pp.  147-148. 

[6]  J.W.  Palmour,  C.E.  Weitzel,  K.  Nordquist,  and  C.H.  Carter,  Jr.,  "Silicon  Carbide  Microwave  FET’s,"  in 
Silicon  Carbide  and  Related  Materials,  M.G.  Spencer,  R.P.  Devaty,  J.A.  Edmond,  M.  Asif  Khan,  R. 
Kaplan,  and  M.  Rahman  (Eds.),  Inst.  Phys.  Pub.,  Bristol,  No.  137,  1994,  pp.  495-498. 


Inst.  Phys.  Conf.  Ser.  No  141:  Chapter  4 

Paper  presented  at  Int.  Symp.  Compound  Semicond.,  San  Diego,  18-22  September  1994 
©  1995  lOP  Publishing  Ltd 


395 


Cell  Design  and  Peripheral  Logic  for  Nonvolatile  Random 
Access  Memories  in  6H-SiC 


W.  Xie*,  G.  M.  Johnsont,  Y.  Wang*,  J.  A.  Cooper,  Jr.*, 

J,  W.  Palmourt,  L.  A.  Lipkint,  M.  R.  Melloch*,  and  C.  H.  Carter,  Jr.t 

*  School  of  Electrical  Engineering,  Purdue  University,  West  Lafayette,  IN  47907 
t  Cree  Research,  Inc.,  2810  Meridian  Parkway,  Suite  176,  Durham,  NC  27713 

Abstract.  We  recently  demonstrated  a  one-transistor  nonvolatile  memory  cell  in  6H-SiC  which 
integrates  a  bipolar  access  transistor  over  a  pn  junction  storage  capacitor.  Storage  times  range 
from  about  4  minutes  at  350  to  120  hours  at  210  °C.  In  this  article,  we  report  the  first  long¬ 
term  measurements  of  storage  time  at  room  temperature.  We  also  discuss  cell  design  and  cell 
performance,  and  describe  a  hybrid  test  chip  in  which  a  SiC  cell  array  is  connected  to  a  silicon 
CMOS  peripheral  logic  chip. 


1.  Introduction 

One-transistor  dynamic  memory  cells  implemented  in  a  wide  bandgap  semiconductor 
such  as  6H-SiC  exhibit  extremely  long  storage  times  at  room  temperature  [1,2].  In  silicon, 
the  storage  time  is  limited  by  thermal  generation  of  minority  carriers.  Thermal  generation  is 
proportional  to  the  intrinsic  carrier  concentration  nj.  At  room  temperature,  the  intrinsic 
carrier  concentration  of  6H-SiC  (Eg  «  3.0  eV)  is  about  1.6x10-6  cm-3,  about  sixteen  orders  of 
magnitude  smaller  than  in  silicon.  Assuming  the  density  of  generation-recombination  centers 
in  SiC  is  similar  to  the  density  in  silicon,  one  concludes  that  the  thermal-generation-limited 
storage  times  in  SiC  will  be  many  (sixteen?)  orders  of  magnitude  longer  than  in  silicon  at 
room  temperature. 

These  trends  have  been  confirmed  by  measurements  at  elevated  temperatures  [1,2]. 
The  best  SiC  pn  junction  capacitors  have  storage  times  of  approximately  4  minutes  at  350  °C, 
increasing  to  120  hours  at  210  °C.  The  storage  times  are  thermally  activated  with  an 
activation  energy  of  half  bandgap  (1.5  eV).  Extrapolation  of  these  data  suggests  a  room 
temperature  storage  time  of  over  one  million  years!  Of  course,  such  numbers  are 
meaningless  except  to  assure  us  that  the  mechanisms  responsible  for  the  storage  time  at 
elevated  temperatures  will  be  entirely  negligible  at  room  temperature.  Other  mechanisms 
having  lower  activation  energies  (or  non-thermally  activated)  will  dominate  as  temperature  is 
reduced.  To  investigate  these  mechanisms,  direct  measurements  of  storage  time  have  been 
conducted  at  room  temperature. 


2.  Long-term  storage  time  measurements 

Long-term  room  temperature  storage  time  measurements  are  conducted  as  follows:  The 
SiC  test  chip  is  mounted  in  a  24-pin  dual  in-line  package  in  a  shielded  dark  box.  Each 
storage  capacitor  is  wired  to  a  BNC  connector  on  the  box,  and  is  kept  shorted  by  a  toggle 
switch.  The  recovery  transient  of  a  defective  storage  capacitor  is  shown  in  Fig.  1  for 
illustration  purposes.  Before  t  =  0  the  capacitor  is  in  equilibrium,  and  a  large  capacitance 
(11.143  pF)  is  observed.  At  t  =  0,  a  short  bias  pulse  is  applied  across  the  capacitor.  This 
pulse  forward  biases  one  of  the  pn  junctions,  removing  holes  from  the  central  p-region. 
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When  the  pulse  is  completed,  the  bias  across  the  npn  capacitor  returns  to  zero,  and  a  smaller 
capacitance  is  observed  (10.01  pF).  The  capacitance  gradually  returns  to  the  equilibrium 
value  as  defect- assisted  generation  supplies  holes  to  the  middle  p-region.  We  define  the 
storage  time  as  the  time  required  for  the  capacitance  to  return  to  within  1/e  of  it’s  equilibrium 
value.  In  the  defective  capacitor  of  Fig.  1,  the  storage  time  is  about  1693  hours  (70  days). 

Figure  2  shows  the  recovery  transient  of  a  good  capacitor  on  the  same  test  chip. 
Although  the  recovery  is  almost  imperceptible  on  this  scale,  it  is  possible  to  estimate  the 
storage  time  by  expanding  the  vertical  scale.  Figure  3  shows  that  the  extrapolated  room 
temperature  storage  time  of  this  device  is  approximately  20  years. 


3.  Cell  design  considerations 

The  basic  nonvolatile  RAM  (NVRAM)  cell  [3]  is  illustrated  in  Fig.  4.  It  can  be  viewed  as  an 
npn  bipolar  transistor  with  a  floating  collector.  Charge  is  stored  on  the  floating  collector, 
which  has  a  large  capacitance  to  the  substrate.  If  the  cell  is  to  be  used  in  an  array,  several 
new  considerations  arise.  The  cell  should  be  as  small  as  possible,  but  must  contain  enough 
charge  to  provide  a  measurable  voltage  on  the  bit  line.  It  should  add  as  little  capacitance  as 
possible  to  the  bit  line,  while  maximizing  the  storage  capacitance.  These  considerations 
argue  for  a  small  emitter-base  junction  and  a  large  collector-substrate  junction. 


Figure  1.  Capacitance  transient  of  a  defective 
storage  capacitor  at  room  temperature.  The 
equilibrium  capacitance  is  indicated  by  the  arrow. 


Time  (Hours) 

Figure  3.  Recovery  transient  of  Fig.  2  on  an 
expanded  scale.  The  initial  slope  of  the  transient 
indicates  a  storage  time  of  about  20  years. 


Figure  2.  Capacitance  transient  of  a  good  storage 
capacitor  at  room  temperature.  No  detectable 
recovery  is  visible  at  this  scale. 
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Figure  4.  Cross  section  of  a  typical  SiC  bipolar 
NVRAM  cell.  The  top  npn  layers  form  a  bipolar 
transistor  with  a  floating  collector. 
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During  readout,  the  bipolar  access  transistor  must  have  good  efficiency  in  the  inverse- 
active  mode,  i.e.  when  electrons  from  the  floating  collector  are  being  injected  upward  to  the 
reverse-biased  emitter.  Since  electrons  must  reach  the  emitter  to  be  detected,  it  is  important 
to  insure  that  the  largest  possible  fraction  of  stored  electrons  actually  reaches  the  emitter. 
Unfortunately,  most  of  the  electrons  injected  under  the  base  contact  will  recombine  at  the 
base  contact  and  not  be  collected  by  the  emitter  —  these  electrons  are  lost.  This  argues  for 
making  the  emitter  large  relative  to  the  base  contact. 

The  most  important  consideration  is  the  base  spreading  resistance.  Since  the  hole 
mobility  in  p-type  SiC  is  relatively  low,  considerable  voltage  drop  occurs  in  the  base  due  to 
lateral  current  flow  under  the  emitter.  As  a  result,  electron  injection  from  the  collector  occurs 
primarily  under  the  emitter  periphery.  Thus  it  is  desirable  to  maximize  the  emitter  periphery 
while  minimizing  the  emitter  area  (to  minimize  bit  line  capacitance).  To  maximize  the  stored 
charge,  the  floating  collector  can  be  extended  laterally  beyond  the  boundary  of  the  p-base. 


4.  Design  of  a  SiC/Si  hybrid  memory 

In  order  to  evaluate  various  cell  designs  and  test  peripheral  circuits,  the  NVRAM  is 
being  built  first  in  a  hybrid  configuration,  as  shown  schematically  in  Fig.  5.  In  this 
implementation,  the  SiC  chip  contains  the  NVRAM  cell  array,  while  a  silicon  CMOS  chip 
contains  sense  amplifiers,  word  line  drivers,  row  and  column  select  circuitry,  and  control 
logic.  The  two  chips  are  connected  by  wire  bonding. 

The  SiC  chip  consists  of  a  14x52  NVRAM  cell  array.  Of  the  52  rows,  48  contain  full- 
size  cells  and  the  remaining  4  contain  half-size  “dummy”  cells.  Note  that  the  columns  (bit 
lines)  are  grouped  into  14  pairs,  with  each  pair  connecting  to  one  sense  amplifier  on  the 
CMOS  logic  chip.  A  sense  amplifier  is  basically  a  balanced  flip-flop.  During  the  read 
operation,  one  side  of  each  sense  amplifier  is  connected  to  a  full-size  cell  containing  stored 
data,  while  the  opposite  side  of  the  sense  amplifier  is  connected  to  a  half-size  cell  containing 
a  logic  “zero”.  The  sense  amplifier  then  falls  into  the  correct  logic  state  depending  on  the 
precise  balance  between  the  two  bit  lines.  This  procedure  eliminates  common-mode  noise 
and  provides  an  automatic  reference  level  for  sensing.  The  control  logic  insures  that  during 
each  read,  one  row  of  half-size  cells  and  one  row  of  full-size  cells  are  selected,  with  the 
selection  rule  that  if  the  full-size  word  line  is  even  numbered,  the  half-size  word  line  is  odd 
numbered  (and  vise  versa).  This  places  the  half-size  cell  on  one  bit  line  in  each  pair,  with  the 
selected  full-size  cell  on  the  other. 

For  increased  yield,  we  utilize  row  and  column  redundancy.  Of  the  14  bit  line  pairs  and 
48  word  lines,  we  select  only  the  best  8  bit  line  pairs  and  best  32  word  lines,  resulting  in  a 
256-bit  NVRAM.  The  column  and  row  selections  are  accomplished  by  fuse  programming  on 
the  control  chip. 


5.  Conclusions 

We  have  reported  new  measurements  of  storage  time  on  one-transistor  NVRAM  cells 
in  6H-SiC.  Storage  times  extrapolated  from  2000+  hours  of  direct  testing  at  room 
temperature  suggest  a  1/e  recovery  time  of  about  20  years.  We  have  also  described  a  hybrid 
implementation  of  a  256-bit  NVRAM  chip,  designed  to  evaluate  cell  design  and  sense 
amplifier  performance. 

This  work  is  supported  by  grant  No.  N00014-93-C-0071  from  the  Ballistic  Missile  Defense  Organization, 
Innovative  Science  and  Technology  Division,  administered  by  ONR. 
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Half  Size  Cells 


Figure  5.  Schematic  diagram  of  the  hybrid  NVRAM  implementation.  The  SiC  chip  contains 
NVRAM  cells,  while  a  silicon  CMOS  chip  contains  peripheral  logic.  The  bit  lines  are  grouped  into 
pairs,  with  each  pair  connected  to  one  sense  amplifier  on  the  control  chip  by  direct  wire  bonding. 
Word  lines  are  connected  via  runners  on  the  substrate. 
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ABSTRACT 

Development  of  doping  processes  which  allow  fabrication  of  highly  doped  layers  in  situ  in  SiC  is  dis¬ 
cussed.  Comparison  of  implantation  profiles,  calculated  using  an  empirical  simulator,  with  experimen¬ 
tal  results  are  also  reported.  Point  contact  current  voltage  (PCIV)  measurements  are  presented  for 
dopant  profiles  obtained  using  a  pulsed  wv-excimer  laser  to  activate  pre-implanted  impurities  and  dope 
virgin  SiC  from  spin-on-glass  dopant  sources.  Our  experimental  data  shows  pulsed  excimer  laser  pro¬ 
cessing  (PELP)  has  the  potential  to  be  an  effective,  low  temperature,  selective  doping  process  for  the 
SiC  industry  and  research  community. 


1.  Introduction 

Crystalline  silicon  carbide  is  emerging  as  a  candidate  material  for  high-power,  high-temperature 
devices.  Both  figure  of  merit  calculations  and  theoretical  analysis  of  power  devices  suggest  6Ha- 
SiC  material  properties  are  superior  to  either  silicon  or  gallium  arsenide  for  specific  applications 
in  power,  automotive,  aerospace  and  hostile  environment  electronics  [1,2].  The  availability  of 
high-quality,  large  area  crystalline  substrates,  particularly  for  6Ha-SiC,  has  sparked  renewed 
interest  in  developing  device  and  process  technology  for  this  material  system.  In  particular,  dop¬ 
ing  technology  is  difficult  in  SiC,  with  the  material  generally  being  doped  during  the  crystal 
growth  process,  or  by  subsequent  growth  of  doped  epitaxial  layers  [3,4]. 

Ion  implantation  and  diffusion  are  two  of  the  most  common  selective  doping  techniques 
used  in  the  semiconductor  industry.  Efforts  at  ion  implantation  has  met  with  limited  success  due 
to  extremely  high  temperatures  required  for  annealing  the  implant  damage  and  activation  of  the 
implanted  dopant  atoms.  In  an  article  Vodakov  et  al  reports  the  diffusion  coefficients  for  com¬ 
mon  dopants  in  SiC  [5].  Common  impurities  such  as  N,  Al,  Ga  have  very  low  diffusivities  in  SiC. 
They  concluded  that  very  high  temperatures  (>  2200  °C)  and  long  process  times  are  required  for 
the  introduction  of  the  above  mentioned  dopants  in  SiC  using  conventional  diffusion  process. 

Nakata  et  al.  report  the  failure  of  conventional  thermal  annealing  of  ion  implanted  SiC  [6]. 
Although  they  are  able  to  decrease  the  sheet  resistance  of  the  implanted  sample  to  some  extent,  the 
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obtained  sheet  resistances  were  not  low  enough  to  be  useful  for  device  processes.  They  also 
mention  the  inability  of  a  1500°C  thermal  anneal  to  restore  the  crystallinity  of  the  implanted 
sample.  Recently  Brown  et  al.  report  nitrogen  implantation  for  source-drain  formation  in  a  SiC 
FET  [7].  However,  the  procedure  involved  hot  implantation  at  1000°C  and  subsequent  furnace 
anneahng  at  1300  °C. 

Pezoldt  et  al.  observe  poly  type  phase  transitions  in  implanted  and  high-temperature 
annealed  SiC  crystals  [8].  They  find  that  in  implanted  and  high  temperature  annealed  SiC  crys¬ 
tals,  partial  and  complete  polytype  phase  transition  may  occur.  The  partial  phase  transition  is 
attributed  to  the  generation  of  dislocations  and  stacking  faults  along  with  recrystallization  of  local 
defect  clusters.  From  these  results  it  is  evident  that  a  low  temperature  doping  technique  is  essen¬ 
tial  for  commercial  viability  of  SiC  devices  and  monolithic  circuits. 

With  laser  processing,  however,  the  substrate  is  heated  to  annealing  temperatures  within  a 
span  of  a  few  nanoseconds.  The  actual  annealing  is  performed  in  a  very  short  amount  of  time  (50- 
150  nanoseconds),  resulting  in  a  nonequilibrium  process.  This  phenomenon  may  lead  to  the  for¬ 
mation  of  nonequilibrium  phase  and  impurity  concentrations,  preventing  the  polytype  phase  tran¬ 
sition  at  high  temperatures  [9].  Usually  for  laser  annealing  of  ion  implanted  dopants,  the  substrate 
is  melted  to  a  depth  where  no  implantation  damage  is  present,  reducing  the  possibility  for  local 
defects  and  stacking  faults  to  have  an  adverse  effect  in  the  recrystallized  surface  layer.  The  fol¬ 
lowing  sections  discuss  the  empirical  simulator  developed  for  implantation  profiles  along  with 
our  experimental  results  in  the  area  of  pulsed  excimer  laser  processing  (PELP)  of  SiC. 

2.  Depth  Profile  Simulator  for  Ion  Implantation  in  6H  a-SiC 

Knowledge  of  the  depth  profile  of  implanted  ions  into  a  material  is  crucial  as  this  distribution  is 
closely  related  to  the  electrical  characteristics  of  the  final  device.  TRIM,  a  widely  used  profile 
simulator,  is  designed  to  predict  depth  profiles  in  amorphous  material.  It  cannot  predict  the  expo¬ 
nential  tails,  resulting  from  channeling  of  ions,  in  a  crystalline  material.  In  order  to  minimize  the 
axial  and  planar  channeling  occurring  during  implantation,  wafers  are  usually  tilted  and  rotated 
with  respect  to  the  beam  axis  during  the  implantation  process.  However,  our  experimental  data 
demonstrates  that  this  step  does  not  completely  eliminate  ion  channeling  effects  for  SiC  and  an 
empirical  simulator  is  necessary  to  accurately  predict  depth  profiles  of  implanted  dopants  [10]. 

In  order  to  develop  an  empirical  simulator  for  crystalline  SiC,  commercially  available  sub¬ 
strates  are  implanted  with  nitrogen,  arsenic,  boron,  and  aluminum.  While  N  and  As  are  n-type 
dopants,  B  and  Al  contribute  to  p-type  conductivity  in  silicon  carbide.  Experimental  implantation 
profiles  of  30-  to  300-keV  N,  As,  B,  and  Al  in  6Ha-SiC  are  obtained  using  secondary  ion  mass 
spectrometry  (SIMS). 

Implanted  profiles  are  then  fit  with  Pears on-IV  curves  which  require  knowledge  of  the  first 
four  moments  of  the  distribution.  The  moments  of  the  impurity  distributions  are  extracted  from 
the  experimental  data  and  fit  to  simple  functions  of  the  ion  energies.  Thus  an  accurate  implanta¬ 
tion  depth  profile  simulator,  based  on  experimental  data  for  the  common  dopants  in  a-SiC,  is 
developed.  This  method  results  in  a  more  accurate  implant  simulator  than  is  obtained  using  con¬ 
ventional  first  principles  calculations,  primarily  due  to  channeling  considerations.  Figure  1  shows 
the  depth  profiles  of  30  and  80  keV  nitrogen  (N)  implantation  into  SiC.  The  profiles  predicted  by 
the  simulator  are  also  shown  in  figure  1.  The  equations  for  the  fitted  curves  for  the  four  dopant 
atoms  are  described  in  reference  11.  The  four  moments,  necessary  to  construct  a  Pearson  IV  dis¬ 
tribution,  for  a  particular  ion  and  a  given  energy  can  be  obtained  from  these  equations. 
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Figure  1:  Experimental  and  simulated  depth  profiles  of  implanted  nitrogen  at  two  different  ener¬ 
gies.  The  doses  for  the  30  and  80  keV  implantations  are  2.3x10^^  cm'^  and  1.1x10^^  cm'^  respec¬ 
tively. 


3.  Activation  of  Implanted  Dopants  in  tiH-SiC 

The  objective  of  a  post-implant  anneal  is  the  restoration  of  the  crystalline  quality  of  the  implanted 
layers  and  activation  of  the  implanted  dopants.  Chou  et  al  previously  demonstrated  that  PELP  is 
an  effective  method  for  restoring  the  crystalline  quality  of  the  near  surface  amorphous  layer  cre¬ 
ated  by  high  dose  implantation  [9].  In  our  experiments,  we  use  a  308  nm  XeCl  excimer  laser  with 
pulse  duration  of  27  ns  to  activate  implanted  N  and  Al.  The  laser  beam  passes  through  a  spatial 
homogenizer  and  is  focused  down  to  3x3  mm^  spot.  Various  beam  splitters  are  placed  in  the  path 
of  the  beam  to  obtain  the  energy  required  for  a  particular  experiment.  The  computer  controlled 
laser  processing  system  also  has  in  situ  characterization  capability  derived  by  monitoring  the  sur¬ 
face  reflectivity  with  a  HeNe  laser.  When  a  substrate  is  melted  with  a  high  energy  laser  pulse,  the 
reflectivity  changes  and  is  recorded  in  real  time. 

To  anneal  the  nitrogen  implanted  sample,  we  use  an  energy  fluence  of  1.44  J/  cm^.  For  the 
aluminum  implanted  sample  an  energy  fluence  of  1.51  J/  cm^  is  used.  In  both  cases,  5  shots  are 
used  and  in  situ  reflectivity  measurements  indicate  melting  of  the  SiC  surface  due  to  the  high 
energy  fluence  of  the  laser.  According  to  Bourdelle  et  al,  the  threshold  energy  fluence  for  melt¬ 
ing  of  SiC  is  0.9  J/  cm^  [12].  We  use  higher  energies  to  anneal  the  implanted  dopants.  At  these 
energies,  the  near  surface  of  SiC  is  melted  with  a  significant  redistribution  of  dopants  occurring 
[9].  This  redistribution  of  the  implanted  dopants  is  seen  in  Figs.  2  and  3.  This  result  confirms 
our  reflectivity  measurement  observations  of  the  surface  of  the  SiC  substrate  first  being  melted 
with  an  epitaxial  regrowth  then  taking  place.  The  shape  of  the  resultant  dopant  profile  is  con¬ 
trolled  by  carefully  selecting  the  number  and  the  energy  of  the  laser  pulse.  More  in  depth  experi¬ 
ments  are  in  progress  to  investigate  the  dopant  profile  and  resulting  impurity  activation  in  the 
laser  processed  SiC  substrates. 
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Figure  2:  Activated  and  redistributed  N  atoms  in  SiC.  An  implantation  dose  of  3x10  cm"^  at  30 
keV  is  used. 
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Figure  3:  Activated  and  redistributed  A1  atoms  in  SiC.  An  implantation  dose  of  3x10  cm  at  30 
keV  is  used. 


4.  Spin-on-glass  (SOG)  Laser  Doping  of  SiC 

We  have  been  successful  in  creating  shallow  junctions  in  6Ha-SiC  using  a  spin-on-glass  dopant 
source.  Commercially  available  n-type  substrates  are  spin  coated  with  spin-on-glass  solutions 
containing  the  Ga,  Al,  or  B  atoms,  p-type  dopants  for  SiC.  The  excimer  laser  is  then  used  to  irra¬ 
diate  the  substrates  so  that  the  liquid  phase  diffusion  of  dopants  into  SiC  occurs.  Point  Contact 
Current- Voltage  (PCIV)  measurements  are  then  performed  to  extract  the  carrier  concentration  of 
the  processed  samples  [13].  We  performed  SIMS  on  selected  samples  to  establish  physical  evi¬ 
dence  for  the  process  [14]. 
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Figure  5:  Carrier  concentration  profile  in  a  SOG  laser  doped  sample.  The  formation  of  pn  junc¬ 
tion  is  also  shown.  The  sample  is  irradiated  with  an  energy  fluence  of  1.45  J/cm^. 

Figure  5  shows  the  carrier  concentration  profile  in  a  gaUium  (Ga)  doped  sample.  A  shal¬ 
low  junction  is  created  at  a  depth  of  ~60  nm.  We  have  created  similar  profiles  with  other  p-type 
dopants  (such  as  Al)  in  SiC.  In  Fig.  6,  we  see  the  boron  concentration  profile  resulting  in  a  SOG 
doped  sample.  Secondary  ion  mass  spectroscopy  (SIMS)  is  performed  to  obtain  the  B  profile 
shown  in  Fig.  6  [14]. 


Figure  6:  Concentration  of  boron  atoms  in  a  SOG  doped  SiC  substrate.  The  sample  is  irradiated 
with  an  energy  fluence  of  1.04  J/cm^. 


5.  Conclusion 

We  demonstrate  activation  of  both  n-  and  p-type  dopants  implanted  into  6H-SiC  using  a  pulsed 
excimer  laser.  Initial  results  suggest  full  activation  of  the  implanted  dopants,  making  pulsed  laser 
annealing  of  ion  implanted  SiC  an  attractive  option  as  compared  to  furnace  annealing  at  high  tem¬ 
peratures.  The  SOG  laser  doping  technique  shows,  we  believe  for  the  first  time,  laser  induced  dif- 
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fusion  can  also  be  a  viable  technique  to  selectively  dope  SiC.  The  major  advantage  of  PELP  is 
that  it  is  not  only  a  fast  but  also  a  low  temperature  process.  The  process  can  easily  be  extended  to 
other  important  poly-types  of  SiC  as  well.  The  process  may  be  performed  with  in  situ  monitoring 
of  the  melt  times,  resulting  in  real  time  knowledge  of  the  resulting  profiles. 

This  effort  is  supported  in  part  by  Wright-Patterson  Air  Force  Materials  Laboratory  [Con¬ 
tract  No.  F33615-92-C-5959  (J.  King)]. 
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Abstract.  The  minority  carrier  recombination  process  dominated  by  a  deep  center  in  4H  and 
6H  SiC  has  been  revealed  and  studied  by  optically  detected  magnetic  resonance  (ODMR).  This 
center  in  its  paramagnetic  charge  state  has  an  isotropic  g-value  close  to  2  for  both  polytypes  and 
is  related  to  the  deep  photoluminescence  band  peaking  at  around  1 .7  eV.  This  center  is  shown  to 
be  a  deep  level  defect  with  an  energy  level  at  about  1.1  eV  below  the  conduction  band.  This 
defect  provides  a  very  efficient  recombination  channel,  limiting  the  carrier  lifetime.  The  fact  that 
this  defect  has  been  observed  in  both  bulk  crystals  and  epilayers,  regardless  of  their  doping  type, 
indicates  that  it  must  be  a  common  and  basic  defect  in  4H  and  6H  SiC. 


1.  Introduction 

Due  to  its  superior  electrical,  mechanical  and  chemical  properties,  SiC  has  long  been  of  great 
interest  as  one  of  the  most  promising  materials  for  high  temperature,  high  power  and  high 
frequency  devices.  The  progress  in  applications  of  SiC-based  bipolar  high  power  devices  has, 
however,  so  far  been  hindered  by  the  rather  short  carrier  lifetime  in  the  material  (typically 
shorter  than  50  ns  [1]).  This  is  true  even  in  areas  free  of  crystalline  imperfections  due  to 
extended  defects  such  as  micropipes,  and  is  generally  believed  to  be  due  to  the  presence  of 
point  defects  in  the  material.  Up  to  now  very  little  is  known  about  deep  level  defects  in  SiC, 
which  usually  play  important  roles  in  carrier  recombination.  Among  them,  the  dominant 
recombination  center  (i.e.  the  lifetime-limiting  defect),  despite  of  its  essential  importance,  is 
still  unknown. 

Optical  detection  of  magnetic  resonance  (ODMR)  has  in  the  past  decade  proven  to  be  a 
very  powerful  technique  [2],  which  combines  highly  sensitive  optical  spectroscopy  with 
microscopically  informative  magnetic-resonance  techniques.  In  this  work  we  have  carried  out 
a  systematic  ODMR  study  of  4H  and  6H  SiC,  in  an  attempt  to  reveal  and  investigate  the 
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dominant  recombination  center  in  the  material.  In  the  ODMR  experiments,  the  radiative  earner 
recombination  processes  are  directly  monitored.  A  magnetic-resonance  enhanced  carrier 
recombination  via  the  dominant  recombination  center  will  result  in  a  corresponding  decrease  in 
carrier  recombination  via  other  channels  [3].  In  other  words,  the  photoluminescence  (PL) 
emission  directly  related  to  the  dominant  recombination  channel,  if  it  is  partly  radiative,  will 
increase  upon  the  magnetic  resonance  condition.  Other  PL  emissions  not  related  to  the 
dominant  recombination  center  will  consequently  decrease  in  intensity. 


2.  Experimental 

The  samples  studied  include  bulk  crystals  (6H  SiC)  grown  by  the  modified  Lely  method  and 
epitaxial  layers  (both  4H  and  6H  SiC)  grown  by  chemical  vapor  deposition  (CVD).  They  are 
either  n-  or  p-type,  with  a  doping  level  ranging  from  lOi'^-lO^^  cm'^  to  as  low  as  several 
times  1014  cm-3  [4].  The  radiative  carrier  recombination  processes  were  monitored  via  PL 
emissions  from  the  samples.  ODMR  measurements  were  performed  with  the  aid  of  a  modified 
Bruker  ER-200  X-band  (9.23  GHz)  ESR  spectrometer  using  a  TEqu  cylindrical  cavity  with 
optical  access  in  all  directions.  The  sample  temperature  can  be  varied  from  room  temperature 
down  to  6  K  in  an  Oxford  Instruments  continuous  flow  helium  cryostat.  The  multi-ultraviolet 
lines  (351.1-363.8  nm)  of  an  Argon  ion  laser  were  used  as  excitation  source.  PL  emissions 
were  first  filtered  by  proper  optical  filters  or  dispersed  by  a  Jobin-Yvon  0.25-m  grating 
monochromator  for  spectral  studies,  and  were  then  collected  by  a  GaAs  photomultiplier  (for 
visible  PL  emissions)  or  a  cooled  North-Coast  EO-817  Ge  detector  (for  near  infrared  PL 
emissions).  Signals  were  synchronously  detected  with  a  lock-in  amplifier  in  phase  with  the 
amplitude-modulated  microwave  field.  In  photo-excitation  experiments,  a  tunable  Ti:Sapphire 
laser  was  used  as  a  second  excitation  source. 


3o  Results  and  discussion 

In  all  samples  studied,  an  ODMR  signal  at  around  B=0.33  T  at  X-band  frequency  can  be 
observed  via  all  the  PL  emissions  from  the  samples.  Such  an  ODMR  spectrum  from  p-type 
Al-doped  6H  SiC  detected  via  the  shallow  band-edge  donor-acceptor  PL  emission  is  shown  in 
Fig.  1(a).  The  negative  ODMR  signal  in  this  case  corresponds  to  a  decrease  of  the  PL 
intensity.  In  6H  SiC,  the  resonance  line  is  rather  broad  (about  20  Gauss)  and  probably 
contains  an  unresolved  hyperfine  structure  and/or  unresolved  resonance  from  different 
inequivalent  lattice  sites  of  the  defect.  The  resonance  linewidth  in  the  case  of  4H  SiC  is  much 
narrower  (about  several  Gauss)  as  illustrated  in  Fig.  1(b).  No  definite  conclusion  on  the 
symmetry  and  the  chemical  identity  of  the  defect  could  be  reached  from  an  angular  dependence 
study  of  the  ODMR  signal.  The  averaged  g-value  was  deduced  to  be  2.01±0.01  from  an 
analysis  of  the  experimental  data  by  a  spin  Hamiltonian  H=]XBBgS  with  the  effective  electron 
spin  S=l/2  and  an  assumed  isotropic  symmetry  of  the  defect . 

The  spectral  dependence  study  shows  that  this  ODMR  signal  corresponds  to  an 
enhancement  in  the  intensity  of  the  PL  band  peaking  at  around  1.7  eV  (1.68  eV  for  6H-SiC 
and  1.72  eV  for  4H  poly  type)  and  a  decrease  in  the  intensity  of  other  PL  emissions  ranging 
from  shallow  bound  excitons  to  near  infrared  deep  PL  bands.  As  an  example,  the  spectral 
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Figure  1:  ODMR  spectra  observed  at  6  K  (a)  from  p-type,  Al-doped  6H  SiC  (with  the 
concentration  of  A1  and  residual  N  in  the  order  of  10^^  cm‘3)  at  v=9.234  GHz  and  (b)  from  n- 
type,  undoped  4H  SiC  at  v=9.227  GHz. 


dependence  of  the  ODMR  signal  from  the  same  aluminium-doped  6H  SiC  sample  is  shown  in 
Fig.  2.  It  can  clearly  be  seen  that  the  shallow  N  donor-  A1  acceptor  recombination  is  decreased 
at  resonance  [Fig.  2(a)],  accompanied  by  a  corresponding  increase  in  the  1.68  eV  PL  band 
[Fig.  2(b)].  Similar  spectral  dependence  of  the  ODMR  signal  was  observed  in  4H  SiC  (Fig. 
3).  This  experimental  observation  can  be  understood  as  due  to  competing  processes  in  carrier 
recombination  as  schematically  shown  in  Fig.  4:  the  magnetic  resonance  at  the  dominant 
recombination  center  (denoted  as  X  in  Fig.  4)  promotes  carrier  recombination  via  this  center 
(monitored  by  the  PL  band  at  1.7  eV)  and  consequently  reduces  carrier  recombination  via 
other  recombination  channels  (represented  by  dashed  arrows).  We  assign  the  1.7  eV  PL  band 
to  the  radiative  part  of  a  charge  transfer  process  between  the  X  center  and  acceptors  and  this  is 
based  on  the  following  experimental  facts.  Firstly,  the  1.7  eV  PL  band  may  not  be  related  to 
bound  exciton  recombination  at  the  defect,  since  in  that  case  a  multi-particle  electronic  system 
is  involved  which  would  give  rise  to  a  more  complicated  magnetic  resonance  spectrum.  It 
most  likely  originates  from  an  inter-center  charge  transfer  process,  which  can  be  an  efficient 
process  as  has  been  shown  in  silicon  [5].  Secondly,  the  absence  of  the  magnetic  resonance 
from  the  predominant  shallow  N  donor  in  the  ODMR  spectrum  suggests  that  donors  are  not 
involved  in  the  charge  transfer  process  which  gives  rise  to  the  1.7  eV  band.  The  observed 
decrease  of  the  N  donor  bound  exciton  PL,  in  which  case  it  is  known  that  the  carrier  capture 
and  recombination  time  is  in  the  order  of  sub  ns  for  a  high  N  concentration  [6],  demonstrates 
that  the  carrier  recombination  involving  the  X  center  must  be  extremely  efficient. 

This  dominant  recombination  center  is  shown  to  be  a  deep  level  defect,  evident  from 
the  related  deep  PL  emission  and  a  photo-excitation  spectrum  of  the  ODMR  signal.  The  latter 
reveals  the  photo-ionization  of  the  center.  This  photo-ionization  corresponds  to  the  removal  of 
the  unpaired  electron,  participating  in  the  microwave -induced  magnetic  resonance  transition, 
from  the  defect  to  the  conduction  band.  This  process  thus  leads  to  a  photo-quenching  of  the 
ODMR  signal.  Preliminary  results  from  such  a  study  in  6H  SiC  reveals  the  presence  of  a 
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Figure  2:  Spectral  dependence  spectra  of  the  ODMR  signal  detected  at  6  K  from  the  Al-doped  6H 
SiC  sample.  PL  spectra  from  the  same  spectral  range  are  also  shown  for  reference.  It  is  clearly 
shown  Uiat  (a)  the  shallow  N  donor- A1  acceptor  pair  recombination  is  decreased  at  the  ODMR 
condition,  accompanied  by  (b)  an  corresponding  increase  in  the  1.68  eV  PL  band. 
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Figure  3:  Spectral  dependence  spectrum  of  the  ODMR  signal  observed  at  6K  from  a  p-type, 
heavily  Sc-doped  4H  SiC  with  residual  concentration  of  N  is  in  the  lO^'^-lO^^  cm'^  range.  Tlie 

shallow  PL  emission  was  not  affected  in  this  case. 
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Figure  4:  Schematic  picture  of  the  energy  level  and  the  competing  carrier  capture  and 
recombination  processes.  "X"  denotes  the  dominant  recombinadon  center,  which  gives  rise  to  the 
observed  ODMR  signal. 


threshold  for  the  photo-ionization  of  the  center,  which  determines  the  energy  level  of  the 
defect  to  be  at  about  1.1  eV  below  the  bottom  of  the  conduction  band.  The  acceptor  level 
involved  in  this  charge  transfer  process  would  then  lie  at  about  0.2-0. 3  eV  above  the  top  of 
the  valence  band,  which  is  close  to  the  energy  level  positions  of  the  common  acceptor 
impurities  in  the  material.  The  fact  that  this  ODMR  signal  has  been  observed  in  both  4H  and 
6H  SiC,  regardless  of  their  doping  type  and  whether  they  are  bulk  or  epilayers,  indicates  that 
this  must  be  a  common  and  basic  defect  in  SiC,  probably  involving  native  defects.  This  defect 
provides  a  very  efficient  recombination  channel,  limiting  the  carrier  lifetime. 


4,  Summary 

In  summary,  we  have  revealed  the  dominant  carrier  recombination  center  in  4H  and  6H  SiC. 
This  center  relates  to  the  deep  PL  band  peaking  at  around  1.7  eV  which  most  likely  originates 
from  a  charge  transfer  process  via  acceptors.  This  defect  is  shown  to  be  a  deep  level  center 
with  the  energy  level  at  about  1.1  eV  (for  6H  SiC)  below  the  conduction  band.  The  results 
provide  a  spectroscopic  signature  of  the  dominant  carrier  recombination  center.  For  the 
chemical  identification  of  the  defect  and  the  establishment  of  its  electronic  structure,  however, 
further  investigations  at  a  higher  microwave  frequency  are  required. 
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Abstract  Deep  levels  in  bulk  6H-SiC  have  been  studied  by  Optical  Admittance 
Spectroscopy  (OAS),  temperature  dependent  Hall  effect.  Optical  Absorption  and 
Secondary  Ion  Mass  Spectroscopy  (SIMS).  Temperature  dependent  Hall  effect 
measurements  give  activation  energies  between  0.1  to  0.5  eV.  Specific  levels  are 
identified  by  OAS  are  found  in  the  range  .78  to  1.569  eV.  Impurities  are 
identified  by  Optical  Absorption  and  SD4S.  Deep  levels  observed  by  OAS  at  0.78 
and  1.59  eV  are  attributed  to  vanadium. 


1.  Introduction 

SiC  is  under  development  for  use  in  a  variety  of  electronic  applications.  The  physical 
and  electronic  properties  of  silicon  carbide  make  it  an  ideal  choice  for  high  power,  high 
temperature,  and  radiation  resistant  devices.  In  particular,  SiC  is  receiving  considerable 
attention  for  use  in  high  power  microwave  field  effect  transistors,  where  insulating  or  semi- 
insulating  substrates  are  required.  However,  as-grown,  undoped  6H-SiC,  the  most  common 
polytype,  is  usually  conducting  due  to  residual  impurities  such  as  nitrogen,  a  donor,  or  boron, 
an  acceptor.  Thus  the  development  of  semi-insulating  SiC  requires  the  introduction  of  a  deep 
trap  near  mid  gap  in  sufficient  quantities  to  compensate  the  dominant  residual  impurity.  At 

present  a  suitable  dopant  has  not  been  identified. 

We  report  here  a  study  of  the  deep  levels  in  unintentionally  doped  6H-S1C  primarily  by 
Optical  Admittance  Spectroscopy  (OAS)  but  also  including  temperature  dependent  Hall  effect 
(TDH),  optical  absorption  and  SIMS.  In  order  to  electrically  characterize  deep  traps  in  wide 
band  gap  semiconductor  by  thermal  techniques  such  as  Deep  Level  Transient  Spectroscopy 
(DLTS),  Admittance  Spectroscopy  or  TDH,  temperatures  up  to  several  hundred  degrees 
Celsius  are  required.  This  requires  such  experimental  modifications  as  hot  stages  and 
refractory  metal  contacts  and  leads.  A  method  that  has  the  sensitivity  of  the  capacitance 
techniques,  but  that  does  not  require  the  use  of  high  temperatures  would  be  useful.  We  have 
therefore  studied  the  deep  levels  in  6H-SiC  by  using  Optical  Admittance  Spectroscopy  of 
Schottky  diodes. 

Admittance  spectroscopy  was  first  introduced  by  Losee[l]  to  study  deep  traps  in 
compound  semiconductors.  The  details  of  the  technique  have  been  worked  out  by  him  and 
others[2,3].  The  optical  variation  of  this  technique  was  introduced  by  Vincent,  et  al.[2],  and 

further  developed  by  Duenas,  et  al.[4]. 

Figure  1  shows  a  schematic  representation  of  a  Schottky  diode  on  n-type  material 
containing  one  deep  level.  When  the  junction  is  modulated  with  sinusoidal  voltage  of 
frequency  tU,  charging  and  discharging  processes  of  the  defect  level  take  place  around  the 
point  where  the  Fermi  level  intersects  the  defect  level.  Carriers  thermally  emitted  from  the 
defect  level  lead  to  additional  conductance,  Gt  and  capacitance,  Ct-  But  during  optical 
experiment,  the  temperature  of  the  junction  is  at  a  point  where  thermal  emission  of  carriers 
from  the  defect  is  negligible.  Thus  the  additional  conductance  and  capacitance  are  due  to 
optical  emission  of  carriers  from  the  defect  level. 
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Figure  1 .  Schematic  representation  of  a  metal-semiconductor 
Schottky  diode  with  one  deep  level  in  the  semiconductor. 


Traps  introduce  into  the  measurement  a  conductance  Gj,  given  by[2] 


_  ey  Nr  / 


n 


1 


eqN 
2V  j 


and  the  measured  capacitance  in  the  presence  of  traps  is  given  by 


C=Q+Cr  = 


]a 

1  i - 

J 

1  21^  J 

where  en  is  the  emission  rate,  n  is  the  number  of  free  carriers  in  the  bulk,  Nj  is  the  number  of 
deep  traps,  N+  is  the  number  of  ionized  deep  centers,  w  is  the  measurement  frequency,  e  is 
the  bulk  dielectric  coefficient,  A  is  the  area  of  the  diode,  md  q  is  tlw  electronic  charge. 

Clearly  when  N+  is  changed  by  the  process  of  illumination,  both  C  and  Or  change, 
and  in  the  same  manner.  Hence,  the  photo-capacitance  and  the  photo-conductance  curves 

have  the  same  shape.  ,  ^  ^  ^  ■  j 

Monochromatic  light  is  focused  on  the  diode  and  the  wavelength  of  the  bght  is  scanned 
by  the  use  of  a  monochromater.  When  light  of  the  proper  energy  is  incident  on  the  diode  a 
caniQt  is  photo  excited  from  the  trap  level  to  the  conduction  band.  The  presence  of  these 
carriers  in  the  conduction  band  produces  a  change  in  the  conductance  of  the  diode  which  can 
be  detected  using  a  capacitance/conductance  meter,  hence,  we  see  peaks  in  the  conductance 
corresponding  to  the  energy  of  the  absorbed  photons.  When  the  wavelength  of  the  light  is  not 
of  the  proper  value  to  excite  carriers,  the  conductance  is  lower. 
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2.  Experimental  Details 

Bulk  6H-SiC  samples  were  obtained  from  several  sources.  These  included  both 
unintentionally  doped  and  doped  material.  SIMS  measurements  were  made  on  selected 
samples  from  different  sources.  Calibration  standards  were  not  available  so  only  impurity 
identification  and  relative  concentrations  could  be  determined.  All  samples  studied  were  found 
to  contain  titanium  and  vanadium  in  varying  concentrations.  Another  common  but  not 
universal  impurity  was  zirconium.  Electrical  properties  were  studied  by  TDH  using  van  der 
Pauw  squares  with  either  Ni.  Ti  or  A1  contacts.  Measurements  were  made  up  to  400K. 
Schottky  diodes  for  OAS  were  fabricated  by  evaporating  A1  dots  600mm  in  diameter  onto  the 
other  side  of  the  wafer.  The  capacitance  and  conductance  were  measured  using  an  HP4270A 
Multifrequency  LCR  Meter,  operated  in  the  high  resolution  mode  at  a  frequency  of  100  kHz. 

3.  Results 

Undoped  samples  were  studied  by  TDH  at  temperatures  up  to  400°C  to  determine  the 
activation  energy,  Ea,  of  the  material.  Three  groups  of  samples  were  identified  by  their 
activation  energy,  samples  with  Ea  between  70  and  120  meV  were  dominated  by  the  nitrogen 
donor  (Ea  =  90  and  120  eV),  another  set  of  samples  had  Ea  close  to  boron's  300  meV. 
However,  several  undoped  samples  had  activation  energies  in  the  range  500-650  meV  but  no 
specific  energy  level  could  be  identified.  The  room  temperature  resistivities  of  these  samples 
were  found  to  be  up  to  10^  ^2-cm. 


Figure  2.  Optical  Admittance  spectrum  showing  five  distinct 
peaks.  Energy  equivalents,  and  possible  sources  are  noted 
for  each  peak. 


Figure  3.  Infrared  spectrum  for  vanadium  in  6H-Sic. 
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Five  peaks  were  identified  in  optical  admittance  spectra.  A  typical  ^ectram  is  shown 
in  figure  2.  The  energies  of  the  transitions  ate  indicated  m  the  figure.  The  band-to-band 
transition  for  6H-SiC  is  clearly  seen,  along  with  two  peaks  which  are  attributable  to 
vSum  one  at  1 eV  and  the  other  at  0.78  eV.  Two  other  peaks  are  seen  which  are 
most  likely  attributable  to  other  transition  metal  impurities.  IR  absorption  measurements, 
typified  by  the  spectrum  in  figure  3,  confirm  the  presence  of  vanadium. 

4.  Discussion 

Of  the  principal  transition  metal  impurities  detected  by  SIMS,  only  V  is  expected  to  ^ 
electrically  active  on  an  isolated  substitutional  site.  Ti[6]  and  Zr  ^e  isovalent  in  SiC. 
Vanadium  is  amphoteric  in  SiC  and  produces  a  donor  slate,  Vsn'*'(3d  )  ->  Vsi  (3d  )  and 
an  acceptor  state,  Vsi^+(3dl)  ->  Vsi3+(3d2).  SUasny  et  al.[7]  have  suggested  tlmt  the  donor 
level  of  vanadium  is  at  Ey  +  1-45  eV  and  the  acceptor  level  is  at  Ec  -  0.70  eV.  The  mid  gap 
location  of  the  vanadium  donor  in  6H-SiC  has  been  confirmed  by  photo-ESR 
experimenis[6,8]  so  we  are  confident  is  assigning  our  1.59  eV  peak  to  the  donor  state  of  Vsi. 
The  acceptor  state  proposed  by  Stiasny  et  al.  is  close  to  our  0.78  eV  level  which  thus  might 
correspond  to  that  La.  Both  the  1.59  and  0.78  eV  peaks  were  significanfiy  suppressed  m  a 
sample  in  which  the  vanadium  absorpUon  peaks  were  not  observed.  However,  anoAer 
possibility  exists.  Maier  et  al.  have  reported  from  photo-ESR  expenments  Aat  Ae  TiSi-Nc 
complex  has  a  donor  level  at  0.6  eV.  At  present  we  do  not  have  any  suggestions  for  Ae 

identification  of  the  Other  peaks.  .  -j  i 

These  results  suggest  that  vanadium  might  be  a  suitable  dopant  to  compensate  residual 
shallow  donors  if  the  Fermi  level  can  be  pinned  at  the  deep  donor  level  at  1.59  eV  To  date 
we  have  not  observed  samples  where  this  is  the  case.  Further  expenmente  are  underway  to 
identify  the  other  peaks  and  to  confirm  the  identification  of  the  0.78  eV  level. 
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Abstract.  We  carry  out  optically  detected  cyclotron  resonance  (ODCR)  studies  at  X-band 
microwave  frequency  on  high-purity  6H-SiC  epilayers  grown  by  chemical  vapor  deposition 
(CVD).  Electron  effective  mass  values  m^*=(0.42±0.02)  mo  and  mj|*=(2.0±0.2)  mo  are 
determined.  From  the  fit  of  the  ODCR  line  shape,  a  remarkably  high  mobility  px=  1.1x10^ 
cm^A^s  is  obtained  for  electrons  in  the  basal  plane.  The  anisotropy  of  the  mobility  can  be 
explained  by  the  corresponding  anisotropy  of  the  effective  masses. 


1.  Introduction 

Among  various  polytypes,  6H  SiC  is  considered  to  be  very  promising  for  high  temperature, 
high  power  and  high  frequency  devices.  Despite  a  considerable  effort  many  of  the 
fundamental  electronic  properties  of  6H  SiC  are  not  yet  well  established,  mainly  due  to  the 
difficulty  in  growing  high-quality  single  crystals.  Recently,  high  purity  epitaxial  layers  with 
reasonably  high  carrier  mobility  became  available,  providing  a  possibility  to  obtain  the  band 
structure  parameters  directly  by  the  cyclotron  resonance  (CR)  technique.  Successful  CR 
studies  of  3C  SiC  have  been  reported  recently  by  Kaplan  et  al  [1,2]  and  Kono  et  al  [3].  The 
effective  mass  and  the  band  structure  of  6H  SiC  and  other  polytypes  have  experimentally  been 
studied  by  several  indirect  methods  [4-7].  However,  no  CR  study  has  so  far  been  reported  for 
6H  SiC. 

In  this  work  we  carry  out  optically  detected  cyclotron  resonance  (ODCR)  studies  of 
6H  SiC  films  grown  by  the  CVD  technique.  From  the  observed  ODCR  spectra,  electron 
effective  masses  and  the  scattering  time  can  be  directly  determined. 
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2.  Experimental 

The  6H  SiC  films  studied  in  this  work  were  grown  by  CVD  in  a  hot  wall  system,  on  n-type  (a 
few  times  of  10^^  cm'^),  (0001)  Si-face,  off  axis  (~4  degrees  off  towards  the  [1120] 
direction),  6H  SiC  substrates  [8].  The  thicknesses  of  the  layers  are  in  the  range  of  15-35  pm 
and  the  residual  doping  concentration,  as  estimated  from  PL  and  CV  experiments,  is  in  the 
mid  lO^'^  cm-3  range  [8].  Samples  with  higher  doping  concentration  were  also  studied  for 
comparison.  ODCR  measurements  were  performed  on  a  modified  Bruker  ER-200D  X-band 
(9.23  GHz)  ESR  spectrometer  using  a  cylindrical  TEqh  cavity  fitted  with  an  Oxford- 
Instruments  continuous  flow  helium  ciyostat.  The  multi-ultraviolet  lines  (351.1-363.8  nm)  of 
an  argon  ion  laser  were  used  as  the  excitation  source  and  PL  emissions  were  detected  with  an 
LN2-cooled  Ge  detector.  During  measurements  the  sample  temperature  was  6  K. 


3.  Results  and  discussion 

Figure  1(a)  and  1(b)  show  some  typical  ODCR  spectra  observed  in  uncompensated,  n-type 
6H  SiC  layers  with  residual  doping  concentrations  in  the  lOi^-lO^^  cm-3  range.  A  very  sharp 
peak  at  B-0.328  T  in  these  spectra  is  due  to  an  optically  detected  magnetic  resonance  (ODMR) 
of  a  defect  present  in  these  samples  and  is  beyond  the  scope  of  the  present  paper.  An  ODCR 
spectrum  with  a  fairly  narrow  linewidth  peaking  at  B~0.14  T  with  B|lc  observed  in  this  very 
low-doped  layer  (4  x  10^^  cm’^)  is  shown  in  Fig.  1(a). 

An  excellent  fit  to  the  observed  ODCR  spectrum  could  be  obtained  by  assuming  that 
the  intensity  of  the  ODCR  signal  is  proportional  to  the  absorpuon  of  the  microwave  (MW) 
power  by  the  crystal,  which  can  be  described  by 

1+(1-kOc2/cl)2)co2x2  Ne^x  , .  . 

Poc - ^ ^ - X — (1) 

[l+(COc^/Co2-l)co2T2]2+4(j)2x2  m 

for  a  linearly  polarized  electric  MW  field  perpendicular  to  the  static  magnetic  field  B.  Here 
C0c=eB/m*and  co  the  MW  frequency.  N  is  the  free  carrier  density,  m*  the  cyclotron  effective 
mass  of  the  carriers  and  x  is  the  scattering  time.  From  the  fit  of  the  line  shape,  the  parameter 
cox  was  obtained  to  be  cox=1.53  in  the  case  of  B||c  and  (OX=1.28  for  B  close  to  the  [1 100] 
direction.  The  corresponding  values  of  the  effective  scattering  time  were  deduced  as 
x(Bll[0001])=2.64xl0-^i  s  and  x(B||[l  i00])=2.20xl0-i^  s.  The  simulated  curve  (dashed 
curve)  using  the  obtained  cox  value  and  equation  (1)  is  plotted  in  Fig.  1(a). 

ODCR  measurements  with  B  along  the  [1120]  direction  was  also  performed  to 
compare  with  the  case  of  B|i[l  100],  to  check  if  the  observed  ODCR  in  these  two  cases  are  the 
same,  i.e.,  if  the  effective  mass  is  isotropic  in  the  basal  plane.  At  the  X-band  frequency,  the 
two  spectra  are  indeed  very  similar  within  the  experimental  error.  It  is  therefore  appropriate  to 
assume  that  the  conduction  minima  in  6H  SiC  are  ellipsoids  with  the  principal  axis  along  the 
c-axis.  From  Raman  scattering  measurements,  Colwell  and  Klein  [6]  concluded  that  the 
conduction-band  minima  in  6H  SiC  lie  along  the  line  M-L  in  the  Brillouin  zone.  Theoretical 
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calculations  have  also  proposed  that  the  conduction-band  minima  are  located  on  the  boundary 
planes  [(1100)  or  equivalent  planes]  of  the  Brillouin  zone,  either  at  a  general  point  along  M-L 
[9]  or  at  the  M  point  [10-12].  Thus,  in  the  case  of  Bllc,  only  a  single  ODCR  peak 
corresponding  to  the  transverse  mass  is  expected.  From  the  resonance  position,  this  effective 
mass  was  determined  as  mx*=(0.42±0.02)  mo-  ODCR  measurements  with  different 
alignments  of  B  with  respect  to  the  c-axis  were  also  performed.  From  the  fit  to  the 
experimentally  observed  cyclotron  mass:  l/m*=[(cos20/m*’-L2)^(sijj20/ni*,Tj^*,ll)]i/2 
(where  0  denotes  the  angle  between  B  and  the  c-axis),  the  longitudinal  mass  was  deduced  to 
be  m||*=(2.0+0.2)  mo.  From  these  effective  masses  and  x  values,  the  carrier  mobility  in  the 
basal  plane  can  be  estimated  as  pi-LlxlO^  cm^A^s  by  assuming  p-ex/m*.  For  comparison, 
samples  with  a  doping  level  range  from  lO^^  to  10^'^  cm'^  have  also  been  measured.  At  X- 
band  frequency,  with  the  doping  level  of  5x10^^  cm‘3,  the  resonance  peak  (in  the  case  of 
Bllc)  already  became  very  broad  with  cox  =1,  corresponding  to  a  mobility  of  about  60000 
cmWs  [Fig.  1(b)].  For  the  layers  with  n-type  doping  level  close  to  lO^"^  cm'3  as  well  as  for 
high-purity  compensated  layer  (10^"^  cm"^,  aluminium  compensated),  no  ODCR  resonance 
has  been  detected  due  to  a  lower  carrier  mobility  [Fig.  1(c)]. 


MAGNETIC  FIELD  (mT) 

Figure  1:  ODCR  spectra  with  B||c  and  MW  frequency  v=9.235  GHz  observed  in  6H  SiC 
CVD-layers  with  different  residual  doping  concentrations:  (a)  4x10^"^  cm"^  uncompensated;  (b) 
5x10^^  cm“3  uncompensated  and  (c)  3x10^^  cm"3  compensated  by  Al.  The  simulated  curve 
(dashed  line  in  (a))  is  calculated  using  equation  (1)  with  parameter  cdt=1.53. 
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Recently,  Schaffer  et  a/  [13]  measured  the  carrier  mobilities  in  6H  SiC  along  the 
[1120]  and  [0001]  directions  and  found  that  the  mobilities  differ  by  a  sizeable  factor  (about  6 
at  80  K)  in  these  two  directions.  Assuming  the  scattering  time  to  be  more  or  less  isotropic, 
one  would  expect  to  have  the  ratio  fLi/)J.||=m[|*/mi*.  In  our  case,  this  ratio  m[|*/mi*  is  about 
4.7. 


4.  Summary 

In  summary,  we  have  observed  optically  detected  cyclotron  resonance  at  X-band  frequency  in 
high-purity  6H  SiC  epilayers.  The  electron  effective  mass  values  for  6H  SiC  were  obtained  as 
mi*=(0.42±0.02)  mo  and  m|i*=(2.0±0.2)  mo.  A  remarkably  high  electron  mobility  at  6  K  in 
the  basal  plane  was  determined  to  be  1.1x10^  cmWs.  The  anisotropy  of  the  electron 
mobilities  in  6H  SiC  can  be  explained  by  the  corresponding  anisotropy  of  the  effective 
masses. 
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GaN/AlGaN  Field  Effect  Transistors  for  High 
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The  results  of  our  analytical  and  numerical  simulations  of  transport  properties  of  GaN  and 
SiC  in  a  wide  range  of  temperatures  and  doping  levels  point  out  to  a  relatively  modest  decrease  of 
the  electron  mobility  with  temperature.  Based  on  these  results  and  our  experimental  data  for 
AIGaN/GaN  HFETs,  we  evaluate  and  compare  the  characteristics  of  AlGaN/GaN  heterostructure 
field  effect  transistors  at  elevated  temperatures  using  the  Universal  Charge  Control  Model 
(UCCM)  and  discuss  the  temperature  dependencies  of  transconductance,  maximum  device  current, 
and  threshold  voltage.  Using  a  large  signal  computer  drift-diffusion  model  and  the  harmonic 
balance  method,  we  then  analyze  the  microwave  performance  of  AIGaN/GaN  HFETs.  We  also 
present  our  preliminary  experimental  data  on  AIGaN/GaN  performance  at  elevated  temperatures 
We  conclude  that,  in  spite  of  a  smaller  thermal  conductivity  than  for  SiC,  the  excellent  transport 
properties  of  GaN  at  elevated  temperatures,  a  semi-insulating  substrate,  and  a  large  conduction 
band  discontinuity  in  the  AlN/GaN  HFETs  make  these  devices  a  viable  alternative  for  high 
temperature  microwave  and  digital  applications. 


1.  Introduction 

Recently,  we  demonstrated  a  microwave  operation  of  AlN/GaN  Heterostructure  Field 
Effect  Transistors  (HFETs)  at  room  and  elevated  temperatures  (Khan  et  al  (1994))  reaching 
the  cutoff  frequency  of  17  GHz  and  the  maximum  oscillation  frequency  of  35  GHz.  These 
preliminary  results  demonstrate  an  superb  potential  of  these  device  for  microwave  and, 
eventually,  for  millimeter  waver  operation.  Electronic  circuits  which  operate  reliably  at 
elevated  temperatures  may  cut  the  weight  of  electronics  on  board  of  airplanes  and  space  craft 
by  a  factor  of  two  or  more  (Yoder  ( 1 992)). 

For  a  specific  application  in  linear  microwave  amplifiers,  AlN/GaN  HFETs  will  have 
several  advantages  including  a  higher  temperature  performance,  higher  power,  and  a  larger 
dynamic  range.  In  this  paper,  we  consider  the  potential  of  the  GaN/AlN  material  system  for 
high  temperature  electronic  applications.  Our  analysis  is  based  on  the  theory  of  the  electron 
transport,  measured  characteristics  of  AIGaN/GaN  HFETs,  and  field  effect  transistor  models 
which  allow  us  to  predict  the  device  behavior  at  elevated  temperatures.  The  predicted 
performance  is  much  better  than  that  for  already  fabricated  devices  where  the  maximum 
device  transconductance  is  limited  by  a  very  large  series  resistance.  Improved  contacts  and  a 
more  advanced  device  design  should  allow  us  to  shrink  this  gap. 


2.  Transport  properties  of  GaN  and  SiC 

Monte  Carlo  simulations  predicted  a  high  peak  velocity,  vp,  high  saturation  velocity,  v^,  and 
a  high  electron  mobility,  p,  in  GaN  (vp  ~  2.7x10^  m/s,  vg  ~  1.5x10^  m/s,  and  p  ~  1000 
cm^/Vs  at  room  temperature  in  GaN  doped  at  lOl'^  cm'3  (see  Littlejohn  et  al  (1978),  Gelmont 
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et  al  (1993),  Shur  et  al  (1994),  Josbi  (1994)).  These  values  make  GaN  and  GaN  based 
heterostructures  quite  attractive  applications  for  microwave  and  millimeter  wave  devices 
which  may  operate  in  a  wide  temperature  range  because  of  a  wide  energy  gap  and  fairly  good 
thermal  conductivity  of  this  material  (A  more  accurate  mobility  calculations  are  in  progress.) 
Fig.  2  shows  the  comparison  of  the  calculated  dependencies  of  the  mobilities  for  GaN,  3C- 
SiC,  and  6H-SiC  and  the  measured  dependence  of  the  mobility  on  temperature  for  4H-SiC. 
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Fig.  1.  Calculated  temperature  dependencies  of  the  mobilities  for  GaN,  3C-SiC,  and  6H-SiC  (a) 
(based  on  the  results  presented  by  Shur  et  al  (1994))  and  measured  dependence  of  the  mobility  on 
temperature  for  4H-SiC  (b)  (after  Schaffer  et  al  (1994)). 

6H-SiC  is  now  one  of  the  prime  contenders  for  power,  high  temperature,  and 
microwave  applications.  As  can  be  seen  from  Fig  2,  GaN  has  a  big  advantage  over  6H-SiC 
and  a  somewhat  smaller  advantage  compared  to  3C-SiC  and  4H-SiC  at  room  temperatures 
and  above.  This  advantage  is  enhanced  by  excellent  properties  of  the  wide  band  AlGaN 
barrier  layer  which  allowed  us  to  implement  AlGaN/GaN  HFETs. 

Fig.  2  shows  the  velocity-field  dependencies  in  GaN  computed  at  different 
temperatures  by  Monte  Carlo  technique. 


Fig.  2.  Electron  drift  velocity  for  GaN  doped  at  10^^  cm'^  and  for  6H-SiC.  (The  GaN  curves  in 
Fig.  2  are  from  Gelmont  et  al  (1993)  and  Shur  et  al  (1994)). 
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The  electron  velocity  in  very  high  electric  fields  (200  to  300  kV/cm)  remains  practically 
unchanged  with  temperature.  The  peak  field  in  GaN  is  very  high  (on  the  order  of  100  kV/cm 
compared  to  approximately  3.5  kV/cm)  in  GaAs.  The  reason  for  such  a  shape  of  the  velocity- 
field  characteristic  is  a  large  intervalley  separation  and  a  very  large  energy  of  polar  optical 
phonons  in  GaN  (nearly  three  times  higher  than  in  GaAs).  The  peak  field  is  also  very  large 
making  the  peak  velocity  to  be  more  important  in  determining  the  overall  device  speed 
compared  to  GaAs  where  the  peak  field  is  approximately  25  times  smaller.  All  in  all,  the 
GaN  electron  velocity  at  elevated  temperatures  is  large  enough  for  achieving  high 
transconductance  in  GaN  FETs,  especially  in  short  channel  devices  (since  very  high  electric 
fields  are  required  for  velocity  saturation  in  this  material). 

Fig.  2  also  shows  the  estimated  dependencies  of  the  electron  velocity  in  SiC  at  the 
same  temperatures.  Since  no  Monte  Carlo  results  are  available  for  SiC  at  elevated 
temperatures,  we  used  the  usual  Trofimenkoff  s  formula  for  SiC 

_ (,, 

l  +  |l(T)f/v, 

where  ~  2x10^  m/s  is  the  estimated  saturation  velocity  in  SiC  and  |i(7)  is  the  low  field 
mobility  (see  Fig.  1).  The  comparison  of  the  v{F)  dependencies  for  GaN  and  6H-SiC  recalls 
the  comparison  of  the  v(F)  dependencies  for  GaAs  and  Si,  respectively.  (This  approach  is 
similar  to  that  used  for  SiC  by  Ruff  et  al.  (1994).  It  is  appropriate  for  SiC  which  is  an 
indirect  semiconductor  (like  Si)  but  not  appropriate  for  GaN  which  is  a  direct  gap 
semiconductor  (like  GaAs).)  The  relationship  between  the  thermal  conductivities  for  SiC  (3.5 
W/cmC>C)  and  GaN  (1.3  W/cm^C)  further  supports  this  analogy. 


3.  Performance  of  AlGaN/GaN  HFETs  at  elevated  temperatures 

Fig.  3  compares  the  calculated  transconductance  in  the  saturation  region  versus  gate 
bias  for  three  devices;  a  0.5  |xm  gate  GaAs  MESFET,  0.5  |im  gate  AlGaAs/GaAs  HFET,  and 
0.25  pm  AlGaN/GaN  HFET. 


Fig.  3.  Computed  device  transconductance  in  the  saturation  region  versus  gate  bias  for  three  devices: 
0.5  jim  gate  GaAs  MESFET,  0.5  pm  gate  AIGaAs/GaAs  HFET,  and  0.25  pm  AlGaN/GaN  HFET. 
The  source  series  resistance  per  unit  width  for  the  MESFET  and  the  AIGaAs/GaAs  HFET  is  0.3 
Qmm.  The  source  resistance  per  unit  width  for  the  AlGaN/GaN  HFET  is  2  Qmm. 
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The  calculations  were  done  using  a  universal  charge  control  model  described  by  Fjeldly  and 
Shur  (1991).  This  model  was  incorporated  in  AIM-Spice  (see  Lee  et  al  (1993)). 
(Instructions  on  downloading  a  student  version  of  AIM-Spice  are  available  from  M.  Shur  via 
e-mail  (ms8n@virginia.edu)).  As  can  be  seen  from  the  figure,  the  AlGaN/GaN  HFET  has  a 
big  advantage  compared  to  the  MESFETs  in  the  device  linearity  (which  is  determined  by  how 
constant  the  device  transconductance  is  as  a  function  of  the  gate  bias.)  In  a  MESFET,  the 
gate  bias  modulates  the  depletion  region  width,  resulting  in  an  increase  of  the  channel 
capacitance  (and  as  a  consequence,  the  device  transconductance)  with  a  gate  bias  above 
threshold.  In  HFETs,  the  channel  capacitance  is  determined  by  the  thickness  of  the  wide 
band  gap  barrier  layer.  Ideally,  it  should  be  nearly  constant.  However,  in  AlGaAs/GaAs 
HFETs,  a  relatively  small  conduction  band  discontinuity  limits  the  maximum  density  of  the 
2d  electron  gas  at  approximately  2x1 0^2  cm'2  and,  as  a  consequence,  the  transconductance 
peaks  fairly  sharply  (see  Fig.  3). 

Fig.  4  shows  the  eomputed  temperature  dependencies  of  the  AlN/GaN  HFET 
transconductance  and  saturation  current  with  the  gate  length  of  0.25  [im  based  on  the 
temperature  dependence  of  the  electron  mobility  given  in  Fig.  1. 
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Fig.  4.  Calculated  transconductance  and  drain  current  of  AlGaN/GaN  HFET  in  saturation  regime 
versus  temperature  for  gate  length  0.25  [im.  Gate  bias  1  V.  Parameters  used  in  this  calculation  are: 
threshold  voltage,  Vj  =  -  0.5  V,  gate  length,  L  =  0.25  pm,  AlGaN  layer  thickness,  di  =  250  A, 
source  and  drain  series  resistances,  Rs  =  2  Qmm,  the  maximum  sheet  electron  concentration,  ris  - 
2.5x10^^  cm‘2,  saturation  velocity,  =  2x10^  m/s. 

The  reason  why  there  is  such  a  modest  predicted  decrease  in  the  device  transconductance  with 
temperature  is  that  (1)  we  assumed  no  significant  gate  leakage  current  because  of  a  large 
conduction  band  discontinuity  and  (2)  we  assumed  a  large  maximum  sheet  electron 
concentration  for  the  same  reason. 

Our  experimental  data  fall  much  below  the  expected  performance,  primarily  because 
of  a  very  large  source  series  resistance  and  a  limited  intrinsic  gate  voltage  swing.  Fig.  5  a 
shows  the  measured  and  calculated  values  of  the  AlGaN  transconductance  for  the  devices 
described  by  Khan  et  al  (1994).  (In  this  calculation,  the  value  of  the  electron  mobility  was 
scaled  down  to  500  cmWs  at  300  K.)  Whereas  the  decrease  of  the  device  transconductance 
with  temperature  was  very  modest,  the  AlGaN/GaN  HFETs  exhibited  a  substantial  threshold 
voltage  shift  and  a  decrease  in  the  output  conductance.  The  variation  of  the  threshold  voltage, 
Vj,  was  approximately  linear  with  temperature  with  the  temperature  coefficient  Kyr  ~  ~  0.4 
to  -  0.5  mV/^C  (approximately  three  times  larger  than  for  GaAs  based  FETs,  see  Shoucair 
and  Ojala  (1992^)  This  may  be  related  to  a  large  donor  activation  energy  in  AlGaN. 
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Fig.  5.  Measured  and  calculated  dependencies  of  the  maximum  transconductance  and  cutoff  frequency 
on  temperature.  Dashed  curve  accounts  for  the  temperature  dependence  of  the  low  field  mobility  only. 
Solid  curve  also  accounts  for  a  small  decrease  in  the  intrinsic  gate  voltage  swing  (on  the  order  of 
0.1%  per  ®C).  (From  Khan  et  al  (1994a)). 


Fig.  5b  shows  the  measured  and  calculated  dependencies  of  the  cutoff  frequency  on 
temperature  (assuming  that  the  cutoff  frequency  is  determined  by  the  electron  transit  time).  A 
more  accurate  description  of  the  device  behavior  at  microwave  frequencies,  including  the 
calculation  of  the  cutoff  frequency  requires  to  consider  the  device  embedded  into  a  microwave 
circuit.  In  this  work,  we  used  such  a  device  simulator  utilizing  the  harmonic  balance  method 
and  the  analytical  FET  model  described  by  Khatibzadeh  and  Trew  (1988)  (see  also  Bilbro  et 
al  (1994)).  The  results  of  this  simulation  predict  an  1 1  dB  linear  gain,  25%  maximum  power 
added  efficiency,  and  10  dbm  output  RF  at  10  GHz  for  an  AlGaN/GaN  amplifier  based  on 
our  device.  The  predicted  values  off  max  and/;  are  in  excellent  agreement  with  experimental 
data  (see  Fig.  6).  (The  details  of  this  measurement  and  these  calculations  will  be  published 
elsewhere.) 


Fig.  6.  Measured  and  calculated  small-signal  power  gain  for  AlGaN/GaN  HFET  (/;  =  1 1  GHz). 
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4,  Conclusions 

A  high  conduction  band  discontinuity,  high  saturation  velocity,  and  a  relatively  high  mobility 
(which  modestly  decreases  with  temperature  because  of  a  high  optical  phonon  energy)  should 
lead  to  a  superior  performance  of  AlN/GaN  HFETs  at  elevated  temperatures  at  microwave 
frequencies,  comparable  to  room  temperature  performance  of  typical  GaAs  MESFETs.  Our 
preliminary  results  on  dc  and  microwave  performance  of  these  devices  are  very  encouraging 
but  still  fall  far  below  the  theoretical  expectations  because  of  a  high  source  series  resistance 
and  a  limited  intrinsic  gate  voltage  swing. 
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Some  aspects  of  GaN  electron  transport  properties 
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Abstract.  The  present  work  presents  new  theoretical  calculations,  determined  from  iterative 
solutions  of  the  Boltzmann  equation,  on  the  Hall  scattering  factor  for  wurtzite  GaN.  The  effect 
of  compensation  on  the  300  K  mobility  is  also  calculated  and  compared  to  the  best  n-type 
transport  data  reported  by  several  groups  for  both  unintentionally  doped  and  intentionally  doped 
samples.  These  data  probably  represent  transport  properties  intrinsic  to  wurtzite  GaN  on 
sapphire.  In  addition,  variable-temperature  electron  transport  results  from  unintentionally  doped 
samples  are  discussed  and  compart  to  previous  investigations.  In  the  latter  case,  the  data 
probably  indicate  that  an  important  compensation  mechanism  is  due  to  the  parallel  transport  of 
charge  by  impurity  conduction. 


1.  Introduction 

Recently,  significant  advances  in  the  growth  of  GaN  epitaxial  layers  have  resulted  in  improved 
rnaterial  properties  which  subsequently  enabled  the  successful  fabrication  of  light  emitting 
diodes  [1]  and  RF  devices  [2,3].  Further,  because  of  the  overall  improvement  in  material 
quality,  new  light  has  been  shed  on  our  understanding  of  this  substance's  electron  transport 
properties.  For  example,  many  years  ago  the  reason  for  the  best  reported  electron  transport 
properties  was  conjectured  to  be  due  to  large  growth  rates  [4].  In  contrast,  the  high  quality  of 
epilayers  currently  available,  which  are  grown  more  slowly  than  previously,  is  direcUy  traceable 
to  the  improved  crystallinity  of  the  samples.  Yet,  many  questions  remain  to  be  answered  such 
as:  What  are  the  intrinsic  transport  properties  of  GaN,  and  how  do  these  compare  with  the  best 
reported  transport  properties?  What  are  the  reasons  for  the  high  electron  concentration 
frequently  reported?  And,  what  is  the  magnitude  of,  and  reasons  for  compensation?  To  help  in 
answering  these  important  questions,  this  article  presents  theoretical  calculations  on  wurtzitic 
GaN  transport  properties,  compares  recent  experimental  data  on  electron  transport  with  the 
theoretical  results,  and  shows  die  effect  impurity  conduction  has  on  compensation. 

The  data  presented  here  are  for  unintentionally  doped  and  Si  or  Ge  doped  wurtzite 
samples  grown  on  (0001)  and  (1 120)  sapphire  substrates.  The  growth  methods  used  to 
synthesize  the  samples  were  organometallic  vapor  phase  epitaxy  (OMVPE)[5]  and  molecular 
beam  epitaxy  (MBE)[6]  where  details  of  the  sample  preparation  can  be  found  in  the  references. 
Since  the  Hall  effect  is  the  simplest  and  most  widely  utilized  measurement  of  transport 
properties,  the  transport  results  quoted  here  are  from  Hall  measurements  of  samples  with  In 
contacts  and  using  the  van  der  Pauw  technique  and  sometimes  the  clover-leaf  geometry.  The 
magnetic  field  typically  ranged  from  0.2  to  0.6  T.  The  experimental  results  were  derived 
assuming  the  Hall  scattering  factor  is  unity. 
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2.  Theoretical  modeling  of  electron  transport 

In  the  first  publication  on  the  theoretical  electron  transport  properties  of  GaN[7],  we  showed 
that  the  classical  Boltzmann  equation  in  the  presence  of  a  magnetic  field,  including  Fermi 
statistics,  can  be  solved  in  terms  of  a  contraction  mapping.  A  contraction  mapping  solution 
ensures  existence,  uniqueness,  and  rapid  convergence  under  numerical  solution  by  iteration. 
Electron  scattering  mechanisms  include  polar-optical  phonon  scattering,  deformation  potential 
acoustic  phonon  scattering,  piezoelectric  phonon  scattering,  and  iomz^  impurity  scattering. 

GaN  is  allotropic,  being  capable  of  synthesis  in  either  the  zincblende  or  the  hexagonal 
wurtzite  lattice  structure,  the  latter  being  the  case  for  the  experiments  reported  here.  In  previous 
work[8],  we  gave  the  theoretical  electron  drift  mobility  of  pure  hexagonal  GaN  and  showed  that 
it  is  significantly  anisotropic  (by  a  factor  of  1.7)  when  piezoelectric  scattering  dominates,  i.e., 
for  high-purity  GaN  below  about  150  K.  At  room  temperature,  where  polar-optical  phonon 
scattering  is  dominant,  the  mobility  is  essentially  isotropic.  For  the  present  state-of-the-art, 
impurity  concentrations  are  too  large  for  anisotropy  to  be  noticeable.  Hence  theoretical 
calculations  were  carried  out  only  for  the  c-axis  oriented  along  the  crystal  growth  direction  while 
the  electric  field  is  oriented  transverse  to  the  c-axis.  The  GaN  band  structure  is  given  in  terms 
of  the  energy  band  gap  (3.39  eV)  and  the  polaron  effective  mass  (0.218mo)[8].  Other  material 
parameters  were  given  previously [8]. 

We  tested  the  importance  of  conduction  band  nonparabolicity,  and  s  and  p  wave- 
function  admixture,  with  the  following  results.  At  3(X)  K,  the  calculated  drift  and  Hall 
mobilities  are  decreased  by  about  1.5  -  3.5%  due  to  these  factors  for  uncompensated  electron 
concentrations  of  1x10^^  -  5x10^^  cm’^.  At  3(X)  K,  the  calculated  electron  Hall  and  drift 
mobihties  of  pure  intrinsic  GaN  are  1732  and  1496  cm^V'^s'l,  yielding  a  Hall  factor  of  1.16. 
For  an  electron  concentration  of  about  8  x  lOl"^  cm'^  we  show  in  Fig.  1  the  calculated 
dependence  of  the  Hall  factor  re  on  magnetic  field  strength  B.  Clearly,  the  Hall  factor  is 
substantially  constant  for  B  less  than  5  T  for  concentrations  near  where  much  of  the  present 
experimental  work  was  carried  out  as  discussed  in  the  next  section.  The  calculated  300  K  Hall 
mobility  for  Na/Nd  =  0  and  0.4  are  shown  in  Fig.  2.  The  comparison  with  the  experimental 
data  in  Fig.  2  (see  next  section)  indicate  that  the  GaN  films  grown  on  sapphire  with  electron 
concentration  greater  than  about  5  x  lOl^  cm'^  have  a  compensation  of  about  0.4  and  those 
films  with  lesser  electron  concentrations  are  more  compensated. 


3.  Experimental  electron  transport  measurements 

Figure  2  shows  the  best  300  K  wurtzite  GaN  Hall  mobility  free  electron  concentration 
reported  to-date  [9-18].  The  samples  were  grown  by  OMVPE  and  MBE,  with  and  without 
buffer  layers  (consisting  of  thin  layers  of  AIN  or  GaN  grown  under  conditions  different  from 
the  subsequent  GaN  layer),  and  were  unintentionally  (open  symbols)  and  intentionally  doped 
(closed  symbols,  Si  or  Ge).  The  current  data  span  a  greater  range  and  have  slightly  larger 
mobility  for  a  given  electron  concentration  than  data  presented  previously  [4].  Several 
important  observations  can  be  made  from  this  data.  (1)  The  data  fall  generally  in  the  same 
pattern  with  the  mobility  increasing  as  the  electron  concentration  decreases  showing  no  signs  of 
saturating.  (The  spread  in  values  is  probably  related  to  insufficient  growth  optimization  and 
slight  differences  in  measurement  techniques.)  (2)  The  dependence  of  the  OMVPE  and  MBE 
data  on  electron  concentration  are  similar.  (3)  The  data  for  samples  with  AIN,  GaN,  or  no 
buffer  layers  fall  into  the  same  general  pattern,  althought  unintentionally  doped  films  grown  by 
OMVPE  without  a  buffer  layer  generally  have  higher  electron  concentrations  than  those  grown 
with  a  buffer  layer  [15].  (4)  The  mobility  for  intentionally  doped  samples  is  similar  to 
unintentionally  doped  samples  in  the  region  where  the  results  overlap. 
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Figure  1  The  Hall  scattering  factor  magnetic  field  for 
GaN  at  300  K  with  electron  concentration  8.37  x  10^^ 
cm"^. 


Electron  Concentration  (cm'^ ) 

Figure  2  The  best  reported  300  K  Hall  mobility  vs  Hall 
electron  concentration  for  GaN  on  sapphire.  Open 
symbols  are  for  unintentionally  doped  and  closed 
symbols  are  for  Si  or  Ge  doped  samples.  The  top 
(bottom)  theoretical  curve  is  for  compensation  Na/Nd  = 
0  (0.4). 


Several  conclusions  can  be  drawn  from  the  data  shown  in  Fig.  2.  The  most  important  is 
that  the  data  probably  represent  transport  properties  intrinsic  to  wurtzite  GaN  epilayers  on 
sapphire.  This  conclusion  follows  because  the  data  taken  were  from  samples  grown  under 
widely  varying  growth  conditions  using  both  atomic  and  molecular-based  growth  technologies. 
Another  conclusion  is  that  the  compensation  of  the  doped  samples  is  approximately  equal  to  that 
of  the  undoped  samples  in  the  electron  concentration  range  where  the  results  overlap,  that  is  7  x 
10^^  to  7  X  10^^  cm-3.  This  conclusion  derives  from  the  assumption  that  the  300  K  mobility  for 
two  samples  of  similar  electron  concentration  can  be  used  as  a  gauge  of  compensation. 

The  recent  improvements  in  the  growth  process,  i.e.,  the  buffer  layer,  have  enabled  the 
synthesis  of  GaN  with  low  electron  concentration,  down  to  3  x  lO^^  cm'^.  Clearly,  there  exists 
an  intimate,  but  poorly  understood  relationship  between  growth  process  improvements  and  the 
densities  of  donors  and  acceptors  in  the  layer.  Some  key  pieces  to  this  puzzle  are  the  following. 
Previously,  thin  epitaxial  layers  grown  without  buffer  layers  had  high  electron  concentrations, 
whereas  those  currently  grown  with  buffer  layers  have  lower  concentrations.  Improvement  in 
crystallinity,  as  measured  by  double-crystal  x-ray  diffraction,  has  also  been  reported  for 
samples  grown  with  buffer  layers  [9].  In  addition,  this  laboratory  has  shown  that  lower  buffer 
layer  growth  temperature,  and  also  (1120)  sapphire  orientation,  improves  crystallinity  and 
transport  properties,  respectively  [12,19].  T^en  together,  this  evidence  suggests  that  the 
nucleation  of  the  GaN  on  the  buffer  layer  has  important  consequences  for  the  resulting  transport 
properties.  Because  only  the  crystallinity  or  the  incorporation  of  impurities  into  the  GaN  film 
can  be  affected  by  the  nucleation  process,  we  put  forward  the  following  working  hypothesis; 
the  presence  of  defects  due  to  lattice  mismatch  (and  possibly  thermal  expansion  coefficient 
differences)  between  the  epilayer  and  the  substrate  gives  rise  to  donor  and  acceptor-like  states 
which  determine  the  background  electron  concentration  and  the  amount  of  compensation.  The 
use  of  an  optimized  buffer  layer  minimizes  these  donor  and  acceptor-like  states.  The  current 
level  of  understanding  cannot  distinguish  between  defects  or  impurities  (the  incorporation  of 
which  was  enhanced  by  the  defects)  as  the  physical  cause  for  the  compensating  donor  or 
acceptor-like  states. 
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Figure  3  The  electron  Hall  concentration  vs  1000^’  for 
samples  A  (circle),  B  (square),  and  C  (triangle). 


Figure  4  The  electron  Hall  mobility  vs  temperature  for 
samples  A  (circle),  B  (square),  and  C  (triangle). 


Figure  3  displays  a  plot  of  the  electron  concentration  derived  from  variable-temperature 
Hall  data  vs  1000/T  for  samples  A  (circle),  B  (square),  and  C  (triangle).  Details  about  these  and 
other  OMVPE  samples  grown  in  this  laboratory,  can  be  found  in  Table  I.  Consider  first  the 
electron  concentration  of  sample  A.  Below  an  onset  temperature  of  about  40  K,  the 
concentration  data  (off  the  scale  of  the  graph)  no  longer  freezes  out  but  stays  approximately 
constant.  The  mobility  in  this  region  is  low  and  decreases  with  decreasing  temperature.  TTie 
conductivity  in  this  region  is  thought  to  be  due  to  impurity  conduction  [4].  Two-level  Hall 
analysis  has  been  applied  to  data  of  this  type  by  Molnar  et  al.  [20].  The  separate  contributions 
to  the  conductivity  showed  that  the  impurity  conduction  mechanism  has  a  relatively  low 
apparent  mobility  and  high  apparent  concentration.  Between  40  and  300  K,  the  electron 
concentration  has  an  activated  behavior,  with  an  activation  energy  of  18  meV.  Assuming  the 
film  is  compensated,  twice  this  activation  energy  is  the  donor  ionization  energy,  or  35.9  meV. 
This  is  similar  to  the  34  meV  ionization  energy  reported  by  Nakamura  et  al.  using  a  GaN  buffer 
layer  [9]. 

Figure  4  displays  a  plot  of  the  electron  Hall  mobility  as  a  function  of  temperature  from 
the  measurements  on  samples  A,  B,  and  C.  Sample  A  has  the  highest  peak  mobility,  about 
1000  cm^V-ls'l,  at  125  K.  The  peak  mobility  of  sample  B  is  also  near  125  K.  For  low 
temperatures,  about  30  to  60  K,  the  mobility  of  samples  A  and  B  have  similar  temperature 
dependencies.  Between  40  and  125  K  the  mobility  of  samples  A  can  be  approximately 
described  by  a  temperature  power  law  with  exponent  1.2.  For  sample  B,  the  mobility  between 
20  and  60  K  can  be  approximately  described  by  a  temperature  power  law  with  exponent  1.7. 

For  higher  temperatures,  the  mobility  cannot  be  described  by  a  simple  power  law,  or  activated 
behavior  for  either  sample.  Notice  that  the  mobility  of  sample  C  has  a  similar  low-temperature 


Table  I  Sapphire  orientation,  buffer  layer  type,  x-ray  FWHM,  electron  Hall  concentration  (N),  Hall  mobility 
(PH).  and  resistivity  (p)  at  300  K  for  samples  A-F  shown  in  Figs.  3  -  6.  All  samples  are  about  3  pm  thick. 


Sample 

Orientation 

Buffer  layer 

FWHM 
(arc  sec) 

N 

(x  10^^  cm“3) 

PH 

(cm^V'is"^) 

P 

(O-cm) 

A 

c-axis 

AIN 

313 

0.837 

500 

0.149 

B 

c-axis 

AIN 

307 

1.08 

324 

0.178 

C 

c-axis 

GaN 

378 

1.80 

301 

0.115 

D 

c-axis 

AIN 

317 

2.32 

293 

0.0918 

E 

a-axis 

GaN 

307 

2.60 

357 

0.0673 

F 

c-axis 

GaN 

880 

2.28 

379 

0.0722 
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Figure  5  The  electron  Hall  concentration  vs  lOOO/T  for 
samples  D  (circle),  E  (triangle),  and  F  (square). 


Figure  6  The  electron  Hall  mobility  vs  temperature  for 
samples  D  (circle),  E  (triangle),  and  F  (square). 


dependence  as  samples  A  and  B,  although  the  values  are  displaced  relative  to  samples  A  and  B. 
This  suggests  that  the  same  scattering  mechanism  for  samples  A  and  B  also  play  a  significant 
role  in  sample  C. 

Returning  to  Fig.  3,  the  electron  concentration  of  sample  B  also  displays  an  activated 
behavior,  but  the  extracted  ionization  energy  is  22.4  meV.  The  electron  concentration  of  sample 
C  appears  to  also  display  an  activated  behavior  between  60  and  300  K  with  activation  energy, 
and  hence  ionization  energy,  similar  to  sample  B.  For  the  case  of  sample  C,  the  onset  of 
impurity  conduction  behavior  occurs  near  60  K,  higher  than  for  samples  A  and  B. 

Figures  5  and  6  show  the  electron  concentration  and  mobility  for  samples  D  -  F  as  a 
function  of  temperature.  The  onsets  of  impurity  conduction  are  about  60, 50,  and  30  K  for 
samples  F,  E,  and  D,  respectively.  For  these  samples  a  region  where  the  temperature 
dependence  of  the  electron  concentration  is  activated  is  observed,  although  the  activated  region 
is  narrower  than  for  samples  A  and  B,  with  activation  energies  similar  to  that  of  sample  B.  The 
temperature  dependence  of  the  mobility  is  nearly  identical  for  samples  D  -  F  and  similar  to  that 
of  sample  C.  TTius,  samples  C  -  F  possess  a  common  low  temperature  mobility  scattering 
mechanism  which  is  similar  to  that  of  samples  A  and  B. 

Several  observations  can  be  made  for  the  data  shown  in  Figs.  3, 4, 5,  and  6.  (1)  All 
samples  show  the  impurity  conduction  behavior,  but  to  varying  degrees.  (2)  Sample  resistivity 
at  300  K  is  not  a  reliable  indicator  of  the  extent  of  the  impurity  conduction.  Instead  a  sample 
with  300  K  mobility  of  500  cm^W-h'^  had  the  lowest  impurity  conduction  onset  temperature. 
(3)  Because  for  samples  B,  C,  D,  E,  and  F  the  mobility  peaks  (not  shown  for  all  samples)  at 
lower  values  but  the  samples  have  nominally  the  same  electron  concentration,  these  samples  are 
probably  more  compensated  than  sample  A. 

Since  the  data  indicate  that  samples  not  dominated  by  impurity  conduction,  i.e.,  having 
lower  onset  temperatures,  are  the  least  compensated,  then  an  important  compensation 
mechanism  in  the  epilayers  may  be  due  to  the  parallel  transport  of  charge  by  impurity 
conduction  .  The  data  does  not  rule  out  that  tlus  mechanism  may  be  due  to  localized  transport 
near  the  buffer/epilayer  interface.  Within  the  context  of  the  working  hypothesis,  the  impurity 
conduction  mechanism  exists  because  the  lattice  mismatch  between  the  epilayer  and  sapphire 
gives  rise  to  the  presence  of  donor  and  acceptor-like  states.  Experimentily,  the  lowest 
compensated  film  is  one  where  optimizing  the  buffer  layer  results  in  an  epilayer  with  reduced 
impurity  conduction,  that  is,  the  lowest  impurity  conduction  onset  temperature. 
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4.  Summary 

Theoretical  calculations  of  the  Hall  scattering  factor  for  wurtzite  GaN  films  as  a  function  of 
magnetic  field  strength  using  numerical  contraction  mapping  solutions  to  the  classical 
Boltzmann  equation  has  been  presented.  In  addition,  the  calculated  Hall  and  drift  electron 
mobilities  of  pure  intrinsic  GaN  were  found  to  be  1732  and  1496  cm^V'^s'^  respectively.  The 
best  reported  experimental  300  K  Hall  mobility  values  as  a  function  of  electron  concentration  for 
wurtzite  GaN  on  sapphire  are  shown  in  Fig.  2  and  probably  represent  transport  properties 
intrinsic  to  GaN  epilayers  on  sapphire  because  the  results  are  generally  independent  of  buffer 
layer  or  growth  technique.  The  theoretical  calculations  indicate  that  the  GaN  films  grown  on 
sapphire  with  electron  concentration  greater  than  about  5  x  10^^  cm-^  have  a  compensation  of 
about  0.4  and  those  films  with  lesser  electron  concentrations  are  more  compensated.  Variable- 
temperature  Hall  measurements  indicate  that  an  important  compensation  mechanism  is  due  to  the 
parallel  transport  of  charge  by  impurity  conduction.  A  working  hypothesis  is  presented 
whereby  the  defects  generated  by  the  lattice  mismatch  give  rise  to  donor  and  acceptor-lUce  states 
which  compensate  the  film  via  impurity  conduction.  For  a  film  dominated  the  least  by  impurity 
conduction,  the  donor  ionization  energy  was  found  to  be  35.9  meV. 
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Abstract.  The  crystal  structure  of  undoped  GaN  layers  grown  on  6H-SiC 
substrates  was  investigated  by  x-ray  differential  diffractometry.  X-ray  scattering 
intensity  distributions  were  obtained  from  rocking  curves  employing  co  and  co-2© 
scanning  geometries.  GaN  layers  tested  had  a  thickness  of  1 .5  to  6  microns  and 
Nd  -  Na  concentrations  of  -  10^^  cm*^.  These  layers  were  single  crystal  and 
consisted  of  two  sublayers:  a  thin  strained  sub-layer  near  the  interface  and  a 
relaxed  layer  above  it.  The  minimum  full  width  at  half  maximum  of  co-scan 
rocking  curves  measured  for  GaN  grown  on  SiC  was  -  1.32  arcmin. 


1.  Introduction 

X-ray  diffraction  has  been  used  to  characterize  the  crystal  quality  of  GaN  by  many  other 
researchers  [1-7].  Usually  the  full  width  at  half  maximum  (W)  of  x-ray  rocking  curves 
indicates  the  relative  crystal  quality  of  the  epilayer.  Correct  comparison  of  the  published  data 
may  be  made  if  the  x-ray  reflection  and  scanning  geometries  are  known.  The  best  results  for 
GaN  layers  reported  to  date  are  summarized  in  Table  1.  It  is  important  to  note  that  the  only 
accurate  indicator  of  crystal  quality  is  the  W  value  measured  in  a  co  scanning  geometry. 

2.  Samples  and  measurements 

GaN  layers  were  grown  on  6H-SiC  manufactured  by  Cree  Research,  Inc.  These  layers  were 
grown  on  the  (OOOl)Si  face  of  the  substrate  and  had  a  thickness  of  1.5  to  6  pm.  Concentration 
of  electrically  active  donor  impurities  Nd  -  Na  was  in  the  range  of  5x1 0^^  -  5x10^6  cm'^. 
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Table  1.  Full  width  at  half  maximum  (W)  of  x-ray  rocking  curves  for  GaN  layers. 


Substrate 

Thickness 

(microns^ 

Nd-Na 

tcnT^l 

Reflection 

x-ray  scan 

W  Reference 

tarcminl 

Sapphire 

4 

7x1017 

0002 

? 

1.6 

[1] 

Sapphire 

4 

4x1016 

0002 

? 

~5 

[1] 

Sapphire 

1.5 

8x1018 

0002 

9 

0.63 

[2] 

Sapphire 

3-12 

Ixl0l7 

0002 

CO 

1.9 

[3] 

Silicon 

0.7 

CO 

9.6 

[4] 

SiC 

2.5  -  3.5 

2x1017 

0002 

CO 

5.2 

[5] 

SiC 

-0.3 

>lxl0l9 

0002 

CO 

2.4 

161 

The  crystal  structure  of  the  GaN  layers  was  investigated  by  x-ray  differential 
diffractometry  which  allows  one  to  study  the  distribution  of  intensity  of  scattered  x-rays  near 
lattice  points  of  the  reciprocal  lattice.  The  distribution  of  intensity  of  scattered  x-rays  was 
measured  in  two  mutually  perpendicular  directions  in  reciprocal  space  (Fig.  1):  (1)  along  the 
vector  H  of  the  reciprocal  lattice  (radial  distribution)  and  (2)  along  the  direction  perpendicular 
to  the  vector  H  (azimuthal  distribution). 


Figure  1.  Scheme  of  reciprocal  space  and  scanning  directions:  1  -  incident  x-ray  beam, 

2  -  scattered  x-ray  beam. 
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Information  about  the  radial  distribution  intensity  of  scattered  x-rays  may  be  obtained 
from  x-ray  rocking  curves  measured  using  the  co-20  scanning  geometry  (this  method  is  also 
referred  as  the  0-20  mode  [7]).  Information  about  the  azimuthal  distribution  intensity  of 
scattered  x-rays  may  be  obtained  from  x-ray  rocking  curves  measured  using  the  co  scanning 
geometry  (this  method  is  also  referred  as  the  0  mode  [7]).  Full  width  at  half  maximum  for  the 
CO  scan  and  the  o>-20  scan  rocking  curves  are  referred  as  Wi  and  W||,  respectively. 

X-ray  diffraction  measurements  were  conducted  employing  double-crystal  and  triple¬ 
crystal  spectrometers.  High  quality  6H-SiC  crystals  grown  by  the  Lely  method  served  as 
monochromator  and  third  crystals.  Symmetric  (0002)  and  (0004)  reflections  and  asymmetric 
(1 1 24)  reflection  were  studied.  X-ray  rocking  curves  in  (O  geometry  were  measured  using  a 
double-crystal  spectrometer  with  an  open  slit.  X-ray  rocking  curves  in  the  co-20  geometry 
were  measured  using  a  triple-crystal  spectrometer. 

3.  Results 

Results  of  x-ray  measurements  showed  that  all  GaN  layers  grown  on  SiC  were 
monocrystalline.  The  W  values  of  co-scan  rocking  curves  for  the  (0002)  reflection  ranged 
from  79  to  260  arcsec.  These  results  are  summarized  in  Table  2  and  in  Figures  2-4.  Note, 
Figures  2  and  3  are  plotted  on  a  linear  vertical  scale,  while  Fig.  4  has  a  logarithmic  vertical 
scale.  The  following  features  of  x-ray  scattering  near  (0002)  and  (0004)  points  of  the 
reciprocal  lattice  may  be  emphasized: 

(a)  The  value  of  Wi  was  much  greater  than  W|i. 

(b)  The  ratio  of  W||(ooo4)  to  W|!(oo02)  for  the  co-20  rocking  curve  was  close  to  the  ratio  of 
tangents  of  Bragg  angles  for  corresponding  reflections: 

ITii(ooo4)  _  tan  0(0004)  _  2  37 
ITii(ooo2)  tan  0(0002) 

(c)  X-ray  rocking  curves  were  asymmetric.  The  asymmetry  in  the  x-ray  rocking  curve  for  the 
(0004)  reflection  was  most  pronounced.  The  asymmetry  of  the  x-ray  rocking  curve  for  the 
(0002)  reflection  was  observed  when  the  data  was  plotted  on  a  semilogarithmic  scale  (Fig.  4). 

From  this  x-ray  data,  the  lattice  spacing,  d,  along  the  c-axis  for  GaN  layers  was 
determined.  It  was  found  that  all  GaN  layers  had  d  values  smaller  than  that  for  a  relaxed  GaN 
crystal.  For  a  relaxed  GaN  crystal  Ad/d  is  2.89x10-2  [g].  The  normal  deformation  (ei  = 
Ad/di)  of  GaN  grown  on  SiC  was  calculated.  To  determine  the  tangent  deformation  (8||),  the 
x-ray  rocking  curve  for  the  asymmetric  reflection  (11  24)  was  measured.  Calculated  values 
of  normal  and  tangent  deformation  are  shown  in  Table  3. 
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Table  2.  Full  width  at  half  maximum  of  x-ray  rocking  curves 
for  0)  scan  (Wj_)  and  a)-20  scan  (Wn). 


Sample 

Thickness 

microns 

WK{X)02) 

arcmin 

W||(0002) 

arcmin 

WkO(X)4) 

arcmin 

W||(0004) 

arcmin 

1 

6 

3.68 

0.50 

2.70 

1.08 

2 

6 

2.07 

1.83 

0.83 

3 

6 

1.67 

0.47 

2.80 

1.00 

4 

3.5 

2.28 

0.58 

2.33 

0.50 

5 

3.5 

3.55 

1.17 

6 

2.2 

4.32 

0.50 

4.20 

1.41 

7 

1.5 

1.32 

1.40 

0.60 

S _ 

U _ 

1.35 _ 

_ 

. Q.28 _ 

-0.06  -0.04  -0.02  0.00  0.02  0.04  0.06 

Angle  (degrees) 


Angie  (degrees) 


Figure  2.  Rocking  curve  in  (d-20  scan;  Figure  3.  Rocking  curve  in  ca  scan; 
(0004)  reflection.  (0004)  reflection. 


Angia  (dagraas) 

Figure  4.  Rocking  curve  in  co-20  scan;  (0002)  reflection. 


435 


Table  3.  Calculated  values  of  normal  and  tangent  deformation  of  GaN  layers. 


Sample 

e  1  X  1  o2 

_ £11x10 

1 

2.728 

2 

2.753 

- 

3 

2.778 

2.401 

4 

2.784 

- 

5 

2.728 

- 

6 

2.816 

2.111 

7 

2.749 

- 

8 

2.733 

2.396 

4.  Discussion 

From  the  above  results,  an  analysis  of  defect  structures  in  GaN  layers  was  performed.  Two 
possibilities  were  considered:  (1)  uniform  dislocation  distribution  in  the  material  and  (2) 
mosaic  structures  consisting  of  blocks  separated  by  dislocation  accumulations.  For  case  (2), 
x-ray  scattering  inside  the  blocks  is  coherent.  The  dislocation  density  in  the  blocks  is  much 
less  than  that  in  the  blocks  boundaries.  The  distance  between  the  dislocations  in  the 
boundaries  is  much  smaller  than  the  block  size. 

In  the  first  case,  according  to  [9],  a  random  dislocation  distribution  leads  to  x-ray 
reflection  broadening  along  the  vector  H,  i.e.  resulting  in  broadening  of  the  co-20  rocking 
curve.  The  absolute  value  of  the  broadening  is  proportional  to  the  tangent  of  the  Bragg  angle. 
In  the  second  case,  x-ray  scattering  is  mainly  determined  by  misorientation  of  the  blocks. 
This  results  in  broadening  of  the  o)  rocking  curve  . 

Our  results  showed  that  the  angular  dependence  of  the  radial  distribution  of  scattered 
x-rays  was  close  to  tanO,  which  indicates  that  dislocations  are  randomly  distributed.  On  the 
other  hand,  measurements  showed  that  W_l»W|i.  This  indicates  that  in  the  layers  there  are 
regions  misoriented  to  each  other.  Thus,  we  may  conclude  that  the  crystal  structure  of  GaN 
layers  may  be  described  as  intermediate  between  a  random  dislocation  distribution  and  a 
mosaic  structure.  This  type  of  crystal  structure  was  reported  for  GaSb/GaAs  [10],  InSb/GaAs 
[11]  and  GaAs/Si  [12]  heteroepitaxial  growth. 

As  was  mentioned  in  the  previous  section,  the  resulting  x-ray  rocking  curves  have  an 
asymmetric  shape.  The  fact  that  the  rocking  curves  have  an  additional  broadening  at  smaller 
angles  indicates  that  the  layers  have  regions  with  d±  spacing  larger  than  that  for  the  rest  of  the 
layer.  The  relative  intensity  of  this  broadening  is  higher  for  (0004)  reflections  indicating  that 
the  regions  with  larger  di  spacing  are  concentrated  at  the  interface.  We  may  conclude  that  the 
GaN  layers  consist  of  two  layers:  (1)  a  thin  interface  layer  with  a  block  structure  and  high 


436 


dislocation  density  and  (2)  a  thick  top  layer  with  a  random  dislocation  distribution. 
Transmission  electron  microscopy  (TEM)  proves  this  model.  It  was  found  that  the  initial  GaN 
layer  has  a  high  dislocation  density  with  a  thickness  of  0.1  -  0.4  micron.  This  layer  is 
followed  by  a  GaN  layer  having  a  dislocation  density  2-3  orders  of  magnitude  less  than  the 
initial  layer  (details  of  the  TEM  results  will  be  published  elsewhere). 

5.  Conclusion 

GaN  layers  were  grown  on  6H-SiC  substrates  and  were  shown  to  be  single  crystal  with  a  full 
width  at  half  maximum  of  co-scan  rocking  curve  as  low  as  1.32  arc  min.  Based  on  the  results 
of  this  x-ray  diffraction  study,  the  following  model  of  the  defect  structure  in  GaN  layers  was 
proposed.  GaN  grown  on  SiC  substrates  consists  of  two  layers,  (1)  a  thin  interface  layer  with 
a  high  dislocation  density  and  (2)  a  top  layer  with  a  random  dislocation  distribution  and  lower 
dislocation  density. 
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Step-controlled  epitaxial  growth  of  ct-SiC  and 
application  to  high-voltage  Schottky  rectifiers 
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Abstract:  6H-  and  4H-SiC  were  homoepit axially  grown  by  step-controlled  epi¬ 
taxy.  N-type  6H-  and  4H-SiC  epilayers  with  a  carrier  concentration  of  10^®cnfi~^ 
showed  mobilities  of  351  and  724cm^/Vs  at  room  temperature,  6050  and  llOOOcm^/Vs 
at  77K,  respectively.  Isothermal  capacitance  transient  spectroscopy  (ICTS)  mea¬ 
surements  revealed  that  the  epilayers  have  very  few  electron  traps  (<10^^cm~^). 
Schottky  rectifiers  with  lO/xm-thick  epilayers  demonstrated  high  breakdown  volt¬ 
ages  of  600-^1  lOOV.  Very  low  specific  on- resistances  of  1.2~1.7mncm^  were  achieved 
utilizing  4H-SiC  which  has  higher  mobilities  than  6H-SiC. 


1.  Introduction 

Silicon  carbide  (SiC)  has  received  increasing  attention  as  a  wide  bandgap  semiconductor 
material  for  advanced  power  devices,  owing  to  its  high  breakdown  field  and  high  thermal 
conductivity.  Theoretical  simulation  has  predicted  that  high-voltage  Schottky  rectifiers 
and  metal-oxide-semiconductor  field  effect  transistors  (MOSFETs)  with  extremely  low 
specific  on-resistances  can  be  realized  using  SiC,  and  SiC  devices  can  replace  the  present- 
day  Si  power  devices  on  account  of  low  power  dissipation  and  the  reduced  chip  sizes  [1]. 

In  recent  years,  the  development  of  6H-SiC  (Eg=2.93eV  at  300K)  based  devices  has 
shown  rapid  progress,  such  as  high-voltage  p-n  junction  diodes  [2],  power  Schottky  rec¬ 
tifiers  [3,4],  and  high- temperature  and  microwave  FETs  [5,6].  This  progress  is  brought 
about  by  the  availability  of  high-quality  6H-SiC  epilayers,  which  can  be  obtained  by 
homoepitaxial  growth  on  off-oriented  6H-SiC{0001}  substrates  (step-controlled  epitaxy) 
[7-10].  However,  the  systematic  characterization  of  epilayers  including  deep  levels  has 
not  been  reported.  Besides,  there  have  been  only  a  few  reports  on  epitaxial  growth  of 
4H-SiC  (E'g=3.26eV  at  300K)  and  its  device  applications  [11,12],  in  spite  of  two  times 
higher  electron  mobilities  in  4H-SiC  Lely  crystals  than  6H-SiC  [13]. 

In  this  paper,  we  report  step-controlled  epitaxy  of  6H-  and  4H-SiC,  and  their  device 
application.  The  epilayers  are  characterized  by  Hall  measurements  and  isothermal  capac¬ 
itance  transient  spectroscopy  (ICTS).  Preliminary  results  of  application  to  high-voltage 
Schottky  rectifiers  are  presented. 


^On  leave  from  Fuji  Electric  R  &  D.,  Ltd.,  Yokosuka,  Kanagawa,  Japan 
^On  leave  from  Dongshin  University,  Naju,  Chonnam,  Korea 
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2.  Experiments 

Substrates  used  in  this  study  were  n-type  6H-  or  4H-SiC  {0001}  grown  by  the  Acheson 
or  a  modified  Lely  methods.  Bulk  crystal  growth  of  4H-SiC  by  a  modified  Lely  method 
is  described  elsewhere  [H]-  The  off- orient  at  ion  of  substrates  was  4^5  toward  <1120>. 
The  typical  resistivities  of  substrates  were  O.OSricm  for  6H-SiC  and  0.02ncm  for  4H-SiC. 
N-type  SiC  layers  were  homoepit axially  grown  by  step-controlled  epitaxy  [7,9],  using 
a  SiH4-C3H8~H2  system.  The  growth  temperature  and  growth  rate  were  1500°C  and 
2.5//m/h,  respectively.  The  carrier  concentration  was  controlled  by  in-situ  doping  with 
nitrogen  using  N2  gas.  The  typical  thickness  of  grown  layers  was  10/im, 

The  electron  mobilities  of  epilayers  were  measured  by  the  van  der  Pauw  method.  The 
epilayers  were  electrically  isolated  from  n-type  substrates  utilizing  epitaxially  grown  pm 
junctions.  The  ICTS  measurements  were  performed  using  Schottky  diode  structures  in 
the  temperature  range  of  200~'400K. 

For  the  fabrication  of  power  Schottky  rectifiers,  Ni  and  Au  were  used  as  ohmic  and 
Schottky  contacts,  respectively.  Before  Au  deposition,  the  as-grown  surfaces  were  cleaned 
in  organic  solvents,  heated  K2CO3,  aqua  regia,  and  HF,  and  then  rinsed  in  deionized 
water.  The  size  of  circular  Au  Schottky  contacts  was  120^m  in  diameter.  The  charac¬ 
teristics  of  Schottky  rectifiers  were  measured  in  air  at  293'^473K. 

3.  Results  and  discussion 

3.1  Epitaxial  growth  and  characterization 

The  use  of  off-oriented  SiC{0001}  substrates  leads  to  the  replication  of  the  substrate 
polytypes  in  epilayers  when  the  growth  temperature  is  high  enough  to  realize  step-flow 
growth  [9,10].  By  this  technique,  6H-  and  4H-SiC  with  featureless  surface  can  be  ho- 
moepitaxially  grown  on  both  off-oriented  (OOOl)Si  and  (OOOl)C  faces.  No  significant 
differences  in  surface  morphology  and  growth  rate  were  observed  between  6H-  and  4H- 
SiC  growth. 

Figure  1  shows  the  temperature  dependence  of  electron  mobilities  for  6H-  and  4H-SiC 
epilayers  with  a  carrier  concentration  of  2'^3xl0^^cm  The  mobilities  at  room  tem¬ 
perature  are  351cmVVs  for  6H  and  724cmVVs  for  4H  polytype.  The  mobilities  increase 
with  lowering  temperature,  and  reach  up  to  6050cm^/Vs  for  6H  and  11000cm  /Vs  for 
4H  at  77K.  The  mobilities  of  6H-SiC  is  comparable  to  the  previous  report  [14],  and 
those  of  4H-SiC  are  the  highest  data  ever  reported  in  a-SiC.  It  has  been  known  that 
a-SiC  has  an  anisotropy  in  electron  mobility  [15,16].  Although  we  have  not  measured 
the  anisotropy  in  detail,  the  mobilities  parallel  to  the  c-axis  (//||)  are  reported  to  be 
1/3  1/5  of  those  perpendicular  to  the  c-axis  (px)  in  6H-SiC,  whereas  4H-SiC  shows 
little  anisotropy  [15,16].  Since  two  times  higher  px’s  were  obtained  for  4H-SiC  epilayers 
in  this  study,  much  larger  difference  in  /iy  between  6H  and  4H  can  be  expected.  This 
difference  makes  4H-SiC  a  more  suitable  material  for  power-device  applications,  because 
most  power  devices  are  fabricated  so  as  to  make  current  flow  along  the  c-axis. 

Figure  2  shows  typical  ICTS  spectra  obtained  from  the  Schottky  diodes  of  6H-SiC 
wafer  and  epilayer  [17].  In  the  present  samples,  the  donor  concentrations  of  6H-SiC 
wafer  and  epilayer  were  9xl0^®cm“^  and  IxlO^^cm”^,  respectively.  The  spectra  from 
the  wafer  are  composed  of  several  overlapping  signals  which  arise  from  several  electron 
traps  with  different  levels  and  capture  cross  sections.  As  for  two  large  ICTS  peaks 
(peaks  1  and  2  in  Fig. 2),  the  trap  concentrations  were  estimated  to  be  9xl0^®cm“^  and 
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TEMPERATURE  (K)  TIME  (sec) 


Fig.l  Temperature  dependence  of  electron 
mobilities  for  6H-SiC  and  4H-SiC  epilayers. 


Fig. 2  ICTS  spectra  for  6H-SiC  wafer  and 
epilayer.  The  measurement  conditions  such 
as  the  reverse  voltage  Vr,  the  forward  pulse 
voltage  Vp,  and  the  pulse  width  Wp  are 
shown. 


4xl0^®cm“^  for  peaks  1  and  2.  The  Arrhenius  plots  of  rT^  (r  :  the  emission  time 
constant)  revealed  that  the  trap  levels  for  peaks  1  and  2  are  0.39eV  and  0.43eV  from 
the  conduction  band,  and  the  capture  cross  sections  are  3xl0”^®cm^  and  4xl0”^®cm^, 
respectively.  The  ICTS  spectra  of  wafers  varied  from  sample  to  sample,  and  some  wafers 
showed  very  small  signal  of  peak  2.  However,  the  peak  1  trap  with  a  concentration  of 
was  observed  in  all  the  wafers.  The  origins  of  these  electron  traps  cannot 
be  identified  at  present,  and  further  analyses  on  intentionally  doped  samples  will  be 
required. 

On  the  other  hand,  epilayers  showed  very  small  ICTS  signal  as  shown  in  Fig. 2.  Al¬ 
most  no  ICTS  peaks  were  observed  even  if  the  measurement  temperature  was  varied  from 
200K  to  400K.  This  result  indicates  that  the  epilayers  have  very  few  electron  traps  located 
above  Ec-l.OeV  (Ec  :  the  conduction  band  edge).  The  trap  concentration  can  be  esti¬ 
mated  to  be  less  than  10^^cm“^,  from  the  donor  concentration  of  epilayer  (1  xlO^®cm“^) 
and  the  detection  limit  of  the  measurement  system.  Thus,  the  quality  of  epilayers  is 
adequate  for  application  to  majority  carrier  devices. 

3.2  Application  to  power  Schottky  rectifiers 

At  first,  the  breakdown  field  was  estimated  as  a  function  of  doping  concentration.  Esti¬ 
mated  breakdown  field  of  6H-SiC  was  1.9xlO®V/cm  at  IxlO^^cm”^,  and  4.0xl0®V/cm 
at  lxlO^®cm“^.  These  values  are  a  little  lower  than  those  obtained  from  mesa  p-n  junc¬ 
tion  diodes  [18].  This  is  caused  by  the  concentrated  electric  field  at  the  contact  periphery 
in  our  Schottky  samples.  4H-SiC  also  showed  high  breakdown  fields,  1.6xlO®V/cm  at 
lxlO^®cm“^,  and  4.0xl0^V/cm  at  IxlO^^cm"^,  which  are  comparable  to  those  of  6H- 
SiC. 

Figure  3  shows  the  current  density- volt  age  characteristics  of  Au/6H-  and  4H-SiC 
Schottky  rectifiers  at  room  temperature.  Substrates  used  were  off-oriented  (OOOl)C 
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Fig. 3  Current  density  -  voltage  characteris¬ 
tic  of  6H  and  4H  Schottky  rectifiers  at  room 
temperature. 


Fig.4  Breakdown  voltage  dependence  of  spe¬ 
cific  on-resistance  for  6H-,  4H-SiC,  and  Si 
Schottky  rectifiers.  The  open  and  solid  cir¬ 
cles  denote  the  experimental  results  obtained 
for  6H  and  4H  rectifiers. 


wafers.  The  donor  concentration  and  thickness  of  epilayers  were  3x10^  cm  and  lO/zm. 
Very  high  breakdown  voltages  of  1020V  for  6H  and  790V  for  4H  rectifiers  could  be 
achieved.  The  lower  breakdown  voltage  of  the  4H  rectifier  may  be  ascribed  to  crystal 
imperfection  which  results  from  an  immature  technique  in  preparing  4H-SiC  wafers.  The 
leakage  current  densities  were  quite  low,  6.8xlO“®A/cm^  for  6H  and  6.7x10  ®A/cm^  for 
4H  rectifiers  at  -500V,  in  spite  of  no  surface  passivation. 

Under  the  forward  bias  condition,  the  current  densities  follow  the  thermionic  emission 
equation  with  ideality  factors  (n)  of  1.08-1.21  at  current  levels  lower  than  lA/cm^ 
The  barrier  heights  of  Au  for  6H-  and  4H-SiC  were  estimated  to  be  1.5eV  and  1.8eV, 
respectively.  The  4H  rectifier  exhibits  a  little  higher  turn-on  voltage  due  to  its  higher 
barrier  height.  However,  the  current  density  of  4H  rectifier  increases  much  more  rapidly 
than  that  of  6H,  indicating  the  lower  on-resistance  of  4H  rectifier.  As  a  result,  the 
forward  voltage  drop  to  deliver  lOOA/cm^  becomes  lower  in  4H  (2.31V),  and  higher  in 
6H  rectifiers  (2.54V).  A  very  high  current  density  of  bOOA/cm^  can  be  achieved  at  a 
low  voltage  drop  of  3.00V  in  the  4H  rectifier.  Although  the  turn-on  voltage  of  this  4H 
rectifier  is  very  high,  it  can  be  easily  reduced  by  controlling  the  barrier  height. 

Figure  4  shows  the  specific  on-resistance  {Ron)  as  a  function  of  breakdown  voltage 
(Vg).  Open  and  solid  circles  denote  the  RonS  obtained  for  6H  and  4H  rectifiers  in  the 
present  study.  Dashed  and  solid  curves  show  the  theoretical  limits  for  Si  and  SiC.  The 
theoretical  icon’s  are  given  by 

Ron  —  -Ron(6pi)  4"  ■^on(sub)  =  Pepi^epi  "b  Psub^Vgub)  (1) 

where  i?on(epi)  and  i?on(sub)  are  the  resistances  for  unit  area  of  the  epilayer  and  sub¬ 
strate,  pepi  and  psub  the  epilayer  and  substrate  resistivities,  PVepi  and  Wsub  the  thicknesses 
of  the  epilayer  and  substrate,  respectively.  The  optimum  i?on(epi)  can  be  calculated  us¬ 
ing  the  following  equation  [19] 
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^on(epi)- (2) 

where  e  is  the  permittivity  (e=11.9eo  for  Si  and  9.7eo  for  SiC  :  eo  is  the  permittivity  in 
vacuum).  i?on(opi)’s  were  calculated  using  breakdown  field  (^b)  and  mobility  (//)  data 
reported  for  Si  [20]  and  SiC  [16,18].  Here,  the  breakdown  field  of  4H-SiC  was  assumed 
to  be  the  same  as  that  of  6H-SiC.  As  for  SiC,  the  mobilities  parallel  to  the  c-axis  [15,16] 
were  employed  in  the  simulation.  For  calculation  of  i7on(sub),  we  used  a  thickness  of 
300/xm  and  resistivities  of  0.01,  0.06,  and  0.02ncm  for  Si,  6H-  and  4H-SiC,  which  are 
commercially  available  values. 

Although  theoretical  icon’s  for  low-voltage  (<300V)  SiC  rectifiers  are  saturated  due  to 
the  relatively  high  substrate  resistances,  SiC  devices  show  much  lower  icon’s  than  Si  in 
the  high-voltage  region.  In  particular,  4H-SiC  is  the  most  promising  candidate  owing  to 
much  higher  mobility  along  the  c-axis  than  6H-SiC. 

The  experimentally  obtained  specific  on-resistances  for  6H  rectifiers  with  breakdown 
voltages  of  500~1100V  are  lower  than  the  theoretical  limits  of  Si  rectifiers  by  one  order 
of  magnitude.  4H  rectifiers  realized  the  further  reduction  of  Ron  compared  with  6H. 
For  example,  experimental  icon’s  of  500V  rectifiers  are  4.1mncm^  and  1.2mf2cm^  for 
6H-  and  4H-SiC.  This  result  is  attributed  to  higher  mobility  of  4H-SiC.  In  the  high- 
voltage  devices,  the  experimental  icon’s  are  higher  than  theoretical  values  by  a  factor  of 
2~3,  which  may  come  from  the  non-optimized  device  structure.  For  example,  an  edge- 
termination  technique  is  strongly  required,  because  the  breakdown  voltages  obtained  in 
this  study  were  only  40^70%  of  theoretical  values. 

The  rectifiers  showed  good  rectification  at  temperatures  up  to  473K.  The  icon’s  of  the 
SiC  rectifiers  increased  monotonously  with  temperature,  according  to  T^  dependence  [4]. 
This  increase  in  Ron  is  caused  by  the  decrease  in  electron  mobility. 

The  present  study  demonstrated  that  SiC  (especially  4H  polytype)  is  an  excellent  can¬ 
didate  for  advanced  power  devices.  In  order  to  realize  SiC  power  devices  for  practical 
use,  however,  several  problems  should  be  solved,  such  as  improvement  of  wafer  quality 
and  device  processing,  including  structure  designing. 

4.  Conclusions 

6H-  and  4H-SiC  were  homoepitaxially  grown  by  step-controlled  epitaxy.  N-type  6H- 
and  4H-SiC  epilayers  with  a  carrier  concentration  of  2'^3xl0^®cm“^  showed  mobilities 
of  351  and  724cm^/Vs  at  room  temperature,  6050  and  llOOOcm^/Vs  at  77K,  respec¬ 
tively.  The  ICTS  measurements  revealed  that  the  epilayers  have  very  few  electron  traps 
(<10^^cm“^),  although  several  traps  exist  in  wafers.  Schottky  rectifiers  with  lO/zm- 
thick  epilayers  demonstrated  high  breakdown  voltages  of  600~1100V.  Very  low  specific 
on- resistances  of  1.2~1.7mncm^  were  achieved  utilizing  4H-SiC  which  has  much  higher 
mobilities  along  the  c-axis  than  6H-SiC.  The  on-resistances  increased  with  temperature 
according  to  T^  dependence. 
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ABSTRACT 

Epitaxial  SiC  films  were  grown  on  6H-SiC  (0001)  substrates.  The  substrates  were  slightly  off 
axis  (<1°).  These  films  were  grown  on  the  C-  face  by  the  chemical  vapor  deposition  technique.  A 
transmission  electron  microscopy  study  was  carried  out  to  determine  the  polytype  and 
crystallinity  of  the  grown  films.  Both  plan- view  and  cross-sectional  samples  were  observed.  In 
addition,  high  quality  ohmic  contacts  were  produced.  The  electron  microscopy  results  indicated 
that  films  grown  both  at  high  (1285°C)  and  low  (1150®C)  temperatures  result^  in  cubic  polytype 
when  doped  with  ammonia  (NH3).  However,  films  doped  with  Trimethylaluminum  (TMA) 
resulted  in  6H  poly-type.  Ohmic  contacts  fabricated  on  the  n-type  material  exhibited  ohmic 
contact  resitivities  of  2-3x10'^  ohm-cm^. 


I.  Introduction 

It  has  recently  been  shown  that  P-SiC  can  be  grown  on  a-SiC  at  temperatures  as  low  as 
1150°C.^^"3  ^  Most  of  the  previous  investigations  consisted  of  studying  the  role  of  surface 
disturbance,  temperature  and  growth  surface  in  determining  the  poly  type  formation. 
In  this  paper,  we  present  a  transmission  electron  microscopy  (TEM)  study  of  beta  silicon 
carbide  grown  on  6H  substrates  using  the  chemical  vapor  deposition  (CVD)  technique, 
and  the  role  of  doping  in  determining  the  poly  type  formation.  The  ohmic  contacts 
result  has  been  previously  published(^^/  hence  will  not  be  discussed  here. 

n.  Experimental 

Low  pressure  chemical  vapor  deposition  (LPCVD)  technique  was  used  to  grow  the 
samples.  The  effect  of  n-type  and  p-type  doping,  and  low  and  high  growth 
temperatures,  on  the  poly  type  formation  and  crystal  structure  was  investigated.  The  6H 
substrates  used  in  this  study  were  fabricated  by  the  Lely  method.  Details  of  the  growth  of 
the  epitaxial  films  have  been  previously  published^^).  Growth  temperatures  as  low  as 
1150°C  and  as  high  as  1285°C  were  used.  NH3  was  used  as  the  n-type  dopant  and 
trimethylaluminum  (TMA)  was  used  as  the  p-type  dopant.  The  growth  time  was  varied 
from  5  minutes  to  60  minutes,  corresponding  to  film  thicknesses  in  the  range  0.25  to 
0.66  pm. 

The  samples  for  TEM  study  were  prepared  by  mechanical  thinning  to  about  30-40  pm 
followed  by  ion  beam  thinning.  Mechanical  thinning  was  done  following  the  method 
of  Ron  Anderson  of  IBMf^).  Ion  milling  was  done  using  a  Gatan  ion  mill.  Samples 
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were  milled  at  room  temperatiire  using  argon  ions.  A  JEOL  2000  FX-H  TEM  operating  at 
200  KV  was  used  to  examine  the  samples. 

JDL  Results  and  Discussion 

The  electron  microscopy  results  indicated  that  films  grown  both  at  high  and  low 
temperatures,  showed  a  cubic  polytype  when  doped  with  NH3,  and  Samples  doped  with 
TMA  grown  at  both  low  (1150°C)  and  high  (1285‘’C)  temperatures  produced  hexagonal 
polytype.  In  general,  the  NH3  doped  samples  grown  at  low  temperature  were 
polycrystalline,  whereas  samples  grown  at  high  temperature  were  single  crystal.  In  the 
case  of  the  TMA  doped  samples  both  temperature  ranges  resulted  in  single  crystal.  The 
summary  of  our  results  is  given  in  Table  I. 

Tablet 


Sample 

# 

GTenr^ 

GTime 

SiH4/C3H8 

Ratio 

Doping 

type 

Growth 

Surface 

TEM 

Result 

28 

1150 

5mm 

50/50 

TMA 

Si-face 

Single 

6H 

28-A 

1150 

5min 

50/50 

TMA 

C-face 

Poly 

6H 

63 

1153 

10  min 

50/62 

NH3 

C-face 

Poly 

3C 

38 

1177 

40  min 

50/55 

none 

C-face 

Single 

6H 

38-A 

1177 

40  nun 

50/55 

TMA 

C-face 

Single 

6H 

45 

1177 

40  min 

50/70 

NH3 

C-face 

Poly 

3C 

51 

1278 

10  min 

50/48 

NH3 

C-face 

poly 

3C 

62 

1285 

60  min 

50/52 

NH3 

C-face 

single 

3C 

62-A 

1285 

10  min 

50/52 

TMA 

C-face 

Single 

6H 

62-B 

1285 

60  min 

50/52 

TMA 

C-face 

Single 

6H 

Figure  1  is  a  low  magnification  TEM  micrograph  of  sample  45.  In  the  case  of  sample  45 
which  was  grown  at  1177°C  for  40  minutes,  the  film  was  polycrystalline.  This  sample 
also  showed  a  columnar  structure,  as  can  be  seen  in  Fig.  1,  where  the  columns 
originated  from  the  interface  and  extended  to  the  free  surface  of  the  film.  The  larger 
columns  have  lengths  of  ~  0.35  pm  and  width  of  ~  0.12  pm.  The  crystallites  seem  to  be 
randomly  oriented  with  respect  to  each  other.  The  random  orientaHon  was  a  common 
observation  from  the  diffraction  patterns,  bright  &  dark  field  images  obtained  from  this 
sample.  We  believe  that  this  might  be  due  to  a  large  deviation  of  the  1:1  silicon  to 
carbon  ratio  relative  to  the  other  samples.  The  growth  mechanism  for  this  sample 
resembles  that  of  Stranski-Krastanov[7]. 
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Figure  1:  a)  Bright  field  image  of  3C/6H  SiC  interface  showing  a  columnar  and  polycrystalline  film  of  3C 
SiC.  b)  Diffraction  pattern  from  interface  region  (right)  c)  Diffraction  pattern  from  one  of  the  columnar 
grain  (left). 

Sample  62  was  grown  at  a  higher  temperature  (1285°C)  and  doped  with  NH3.  The  film 
was  single  crystalline  and  was  a  cubic  polytype.  An  epitaxial  relationship  of  the  film 
with  the  substrate  is  (lll)cubic-SiC//(0001)6H-SiC.  and  [110]3C//[1120]6H.  This  result 
was  corroborated  by  both  cross  section  and  plan  view  images.  The  interface  is  fully 
coherent  but  the  3C-SiC  film  is  largely  faulted  and  contains  twins  on  (111)  planes  as  can 
be  seen  in  Fig  2.  A  cross-sectional  high  resolution  transmission  microscope  (HRTEM) 
image  of  the  3C-SiC  film  grown  on  6H  substrate  is  shown  in  Figure  3  Some  areas  of  the 
sample  showed  twinning  on  only  one  of  the  {111}  plane,  while  other  areas  twinned  in 
more  than  one  {111)  planes.  The  3C/6H  interface  is  very  smooth  as  can  be  seen  from 
Fig.  3. 


Fig.  2:  Bright  field  image  of  3C/6H  SiC  interface  showing  the  largely  faulted  area  of  the  3C  grown  film. 


Figure  3:  HREM  of  the  3C/6H  interface.  Region  of  microtwin  is  shown  by  the  arrow  head. 

The  largely  twinned  area  of  the  3C-SiC  film  is  shown  in  Fig.  4.  The  inset  to  the 
micrograph  is  a  diffraction  pattern  from  the  area,  and  shows  twinning  in  two  directions. 

Samples  28,  38,  38-a,  62-A,  and  62-B  all  exhibited  hexagonal  polytype  films,  these  films 
were  all  single  crystalline,  some  of  these  films  did  not  show  any  type  of  defects.  An 
example  is  shown  in  Figure  5,  i.e.,  a  bright  field  image  of  the  interface  between  the  film 
and  the  substrate  obtained  from  sample  28.  The  interface  is  clean  and  sharp.  The  inset 
in  this  micrograph  shows  the  diffraction  pattern  from  the  film  and  shows  that  the  film 
is  single  crystalline.  This  sample  was  grown  on  Si-face  of  6H-SiC  for  5  minutes  at  1150°C 
with  a  1:1  SiHi/CaHg  ratio,  and  was  doped  p-type  with  TMA.  _ 


f  >1 


Fig  5:  Bright  field  image  of  the  6H  film/6H  substrate  interface.  The  inset  is  the  diffraction  pattern  from 
the  interface. 


447 


Even  though  this  film  was  grown  only  for  5  minutes  it  did  not  become  poly-crystalline. 
This  could  be  because  this  sample  was  doped  with  TMA  which  makes  the  film  grow  as  a 
hexagonal  poly  type.  Also  since  the  substrate  is  hexagonal  the  film  is  grown 
homoepitaxially  and  can,  therefore,  be  single  crystalline.  The  inset  in  this  micrograph 
shows  the  diffraction  pattern  from  the  film,  and  also  shows  that  the  film  is  single 
crystalline.  Similar  observation  was  reported  by  S.  Nishino  et  al^®^  i.e.  when  a  small 
amount  of  TMA  was  added  during  the  investigation  of  growth  of  SiC  on  AlN/sapphire 

and  on  Si(lOO),  the  result  was  single  crystalline  layer  of  a-SiC  and  P-SiC  respectively. 
These  results  suggests  that  TMA  enhances  single  crystal  formation  of  SiC,  and  lowers 
the  epitaxial  temperature.  However,  a  sample  grown  with  the  exact  same  condition  as 
sample  28  except  on  the  C-face  exhibited  hexagonal  polytype,  but  resulted  in 
polycrystalline  film  as  shown  in  Fig.  6.  We  believe  the  polycrystalline  film  resulted  due 
to  nucleation  on  the  terraces  of  the  C-face,  coupled  with  short  period  and  low  (1150°C) 
temperature  of  growth. 


Fig.  6:  Bright  field  image  of  a  poly  crystalline  film.  The  inset  is  the  diffraction  pattern  from  this  area. 

Samples  51  resulted  in  polycrystalline  film  with  a  cubic  polytype,  even  though  the 
dopant  in  these  case  was  NH3,  and  it  was  grown  at  high  temperature.  The  diffraction 
pattern  of  one  of  this  film  is  shown  in  Fig.  7.  We  believe  that  this  film  became 
polycrystalline  due  to  short  period  of  growth  time  which  did  not  allow  the  islands  to 
coalesce  to  form  single  crystal. 
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Fig.  7;  Diffraction  pattern  obtained  from  plan-view  sample  of  51  showing  a  polycrystalline  film. 

The  results  of  this  study  suggest  that  the  main  factor  in  determining  the  formation  of 
the  cubic  polytype  is  NH3  doping.  It  has  previously  been  reported  that  in  bulk  growth  of 
SiC,  a  6H  to  3C  transformation  occurs  at  high  temperatures  and  under  high  pressure  in 
a  nitrogen  atmosphere^^O,!!)  it  was  proposed  that  the  nitrogen  diffused  into  the  SiC 
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and  gave  rise  to  n-type  doping  which  in  turn  induced  the  6H  to  3C  transformation  at 
high  temperatures.  The  mechanism  for  the  transformation  was  not  discussed.  Pirouz 
and  Yang<i2)  have  recently  proposed  a  model  for  this  transformation  based  on  the 
mobility  of  partial  dislocations.  However,  this  model  was  given  for  polytype 
transformation  due  to  applied  pressure,  and  did  not  explicitly  state  the  role  of  doping. 

IV.  Conclusion 

A  comparison  study  of  SiC  films  grown  under  different  conditions  was  carried  out.  The 
films  doped  with  NH3  resulted  in  a  cubic  polytype  regardless  of  the  growth  temperature 
and  SiHi/CsHs  ratio  in  the  range  studied.  TMA  doping  resulted  in  hexagonal  poly-type, 
and  single  crystalline  films  for  growth  temperatures  as  low  as  1150°C. 
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Abstract.  We  use  a  room  temperature  photo-CV  technique  and  a  high-temperature  simultaneous 
hi-lo  CV  technique  to  characterize  the  thermally  oxidized  p-type  6H-SiC/Si02  interface  in  terms 
of  fixed  oxide  charge,  interface  state  density,  and  the  density  of  near-interface  oxide  traps.  Results 
on  both  aluminum  and  boron  doped  epilayers  are  reported. 


1.  Introduction 

Silicon  carbide  (SiC)  is  a  binary  compound  semiconductor  which  has  remarkable 
physical  and  electrical  properties.  It  is  one  of  the  hardest  materials  known.  It  is  extremely 
resistant  to  all  known  chemical  etchants  at  room  temperature,  and  is  thermally  stable  to 
temperatures  above  the  melting  point  of  silicon.  One  of  the  main  advantages  of  SiC  over 
other  compound  semiconductors  is  that  it  can  be  thermally  oxidized  to  form  a  Si02  layer 
suitable  for  MOS  devices. 

In  the  past  several  years,  many  groups  have  investigated  the  MOS  properties  of  both  n- 
and  p-type  6H-SiC.  These  interfaces  typically  exhibit  fixed  oxide  charge  Qf  and  surface  state 
density  Dit  from  5  to  10  times  higher  than  comparable  silicon  devices.  MOS  interfaces  on  n- 
type  SiC  have  been  observed  to  have  lower  Qf  and  than  similar  interfaces  on  p-type  SiC 
[1,2].  This  difference  has  been  attributed  to  the  use  of  aluminum  as  the  p-type  dopant  [2].  It 
is  known  that  during  oxidation,  A1  is  incorporated  into  the  oxide  at  about  the  same  density  as 
is  present  in  the  SiC  [3].  One  solution  which  has  been  suggested  is  the  use  of  boron  as  a  p- 
type  dopant  [2].  Boron  is  the  standard  p-type  dopant  in  silicon,  and  does  not  appear  to 
introduce  any  defects  in  silicon  MOS  devices.  One  purpose  of  this  work  is  to  investigate  the 
MOS  properties  of  boron-doped  SiC  as  compared  to  aluminum-doped  SiC. 

The  wide  bandgap  of  SiC,  about  3  eV  for  the  6H  polytype,  has  to  be  taken  into  account 
for  adopting  a  characterization  methodology  for  SiC/Si02  MOS  capacitors.  The  majority  of 
interface  states  at  the  SiC/Si02  interface  are  energetically  far  away  from  the  band  edges, 
leading  to  extremely  large  emission  times  at  room  temperature.  In  addition,  thermal 
generation  of  minority  carriers  is  negligible  at  room  temperature  [4,5].  Thus  conventional 
CV  measurements  convey  little  information  about  the  SiC/Si02  interface.  We  use  a 
combination  of  high-frequency  and  quasi-static  CV  measurements  at  both  room  temperature 
and  elevated  temperature.  This  combination  allows  a  more  complete  characterization  of  the 
SiC/Si02  interface  in  terms  of  fixed  oxide  charge,  interface  state  density,  and  near-interface 
oxide  traps. 
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2.  MOS  device  fabrication 

MOS  devices  are  formed  on  p-type  epilayers  grown  on  the  Si-face  of  p-type  6H-SiC 
substrates.  All  wafers  and  epilayers  are  supplied  by  Cree  Research,  Durham,  NC.  Epilayers 
are  typically  3  |im  thick  and  are  doped  in  the  range  of  l-2xl0l^  cm'^. 

Two  different  pre-oxidation  cleaning  procedures  are  used.  The  first  cleaning  procedure 
consists  of  a  solvent  clean  followed  by  a  “piranha”  cleaning  procedure.  The  solvent  clean 
consists  of  successive  rinses  in  acetone  /  trichloroethane  (TCA)  /  acetone  /  methanol  for  5 
minutes,  followed  by  a  DI  rinse.  The  wafers  are  then  soaked  in  1:1  H2S04:H202  for  15 
minutes,  rinsed  in  DI  water,  and  the  oxide  etched  by  a  5  minute  soak  in  buffered  HE.  The 
samples  are  then  DI  rinsed  and  blown  dried  with  nitrogen.  The  RCA  clean  begins  with  the 
above  solvent  and  piranha  cleans.  The  wafers  are  then  boiled  in  NH40H:H202:DI 
(1.5: 1.5:5)  for  15  minutes.  This  is  followed  by  a  DI  rinse,  oxide  strip  in  buffered  HE,  and  DI 
rinse.  The  same  procedure  is  then  used  with  HC1:H202:DI  (1.5: 1.5:5). 

Oxidation  takes  place  in  a  conventional  resistance-heated  quartz-walled  furnace  tube 
which  is  periodically  TCA  cleaned.  All  samples  reported  here  were  oxidized  in  wet  O2  at 
1150  °C  to  a  thickness  of  640  A  (aluminum-doped  samples)  or  610  A  (boron-doped 
samples).  Eollowing  oxidation,  all  wafers  are  subjected  to  a  30  minute  in-situ  Ar  anneal. 
This  Ar  anneal  is  crucial  in  improving  the  dielectric  integrity  of  the  oxide  —  samples  not 
receiving  this  anneal  exhibit  oxide  leakage  and  do  not  survive  the  high  temperature 
characterizations.  Two  different  pull  rates  are  employed.  In  the  “fast  pull”,  wafers  are 
extracted  from  the  1150  °C  Ar  anneal  in  about  100  sec.  In  the  “slow  pull”,  the  furnace 
temperature  is  gradually  lowered  to  900  °C  (over  a  period  of  one  hour)  before  unloading. 

After  oxidation  and  annealing,  aluminum  gates  are  deposited  by  thermal  evaporation 
using  an  alumina-lined  tungsten  boat,  and  MOS  capacitors  are  formed  by  chemically  etching 
the  aluminum.  All  capacitors  are  circular  dots  with  a  diameter  of  450  pm.  Each  dot  is 
surrounded  by  a  guard  ring  (20  pm  wide),  and  the  “open”  area  between  devices  is  covered  by 
aluminum  to  form  a  large  area  capacitor. 


3.  Experimental  techniques  and  results 

In  ail  capacitance  measurements,  the  metalized  area  between  devices  is  used  as  a 
capacitive  connection  to  the  substrate.  Measurements  are  taken  using  a  shielded  probe 
station  equipped  with  a  hot  chuck.  Room  temperature,  high-frequency  CV  curves  are 
obtained  with  an  HP-4275  LCR  bridge,  and  illumination  in  deep  depletion  is  accomplished 
using  the  microscope  light.  We  implement  the  high-temperature  hi-lo  measurement  using  a 
computer  controlled  simultaneous  hi-lo  CV  measurement  system  based  on  the  Kiethley  595 
quasi-static  CV  meter,  Kiethley  590  CV  analyzer,  and  Kiethley  5951  remote  input  coupler. 

3.1  Room  temperature  photo-CV  measurements 

P-type  6H-SiC  MOS  capacitors  typically  exhibit  a  large  negative  flat  band  voltage. 
One  component  of  this  is  the  positive  fixed  charge  Qf  resident  at  the  interface.  Added 
contributions  may  result  from  mobile  ions  in  the  oxide,  charge  trapped  in  the  oxide,  and 
charge  trapped  in  interface  states  at  flatband.  Without  further  investigation  into  the 
acceptor/donor  nature  of  interface  states  and  into  the  nature  of  the  charge  trapping  in  the 
oxides,  it  is  not  possible  to  separate  the  various  contributions.  Hence,  we  treat  all 
contributions  as  being  lumped  into  an  effective  fixed  charge  Qf  that  is  responsible  for  the  flat 
band  voltage.  Eor  these  measurements,  the  flatband  voltage  is  obtained  from  high  frequency 
CV  curves  taken  at  room  temperature. 

An  estimate  of  the  total  surface  state  density  Nit  can  be  obtained  from  the  interface  state 
ledge  in  CV  curves  taken  at  room  temperature.  This  feature  was  seen  originally  in  silicon 
MOS  gate-controlled  diodes  at  liquid  nitrogen  temperature  [6],  and  is  also  observed  in  SiC 
gate-controlled  diodes  at  room  temperature  [5].  This  ledge  can  also  be  seen  in  SiC  MOS 
capacitors  at  room  temperature  if  photogeneration  is  used  to  supply  minority  carriers  in  deep 
depletion.  Eigure  1  shows  an  aluminum-doped  SiC  MOS  capacitor  oxidized  in  wet  O2  at 
1 150  °C  using  a  piranha  clean  and  slow  pull.  The  sample  is  first  swept  from  accumulation  to 
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Figure  1 .  Room  temperature  CV  curves  for  an 
Al-doped  SiC  MOS  capacitor  oxidized  in  wet  O2  at 
1 150  °C  using  a  piranha  clean  and  slow  pull. 


Gate  Voltage  (V) 


Figure  2.  CV  curves  for  the  sample  of  Fig.  1 
obtained  at  340  °C.  The  remaining  hysteresis  is 
attributed  to  traps  in  the  oxide  near  the  interface. 


deep  depletion  in  the  dark.  In  deep  depletion,  the  capacitor  is  illuminated  and  minority 
carriers  are  trapped  in  interface  states.  After  the  illumination  is  turned  off,  the  bias  is  swept 
back  from  inversion  to  accumulation.  Initially  the  interface  states  retain  their  minority 
charge,  but  around  midgap,  when  the  majority  carrier  density  becomes  appreciable  at  the 
interface,  the  interface  states  begin  to  capture  majority  carriers,  resulting  in  a  characteristic 
“surface  state  ledge”.  The  hysteresis  in  the  CV  curve  just  below  the  onset  of  the  ledge 
corresponds  to  the  total  density  of  surface  states  that  are  not  able  to  respond  to  the  CV  sweep. 
At  room  temperature,  this  accounts  for  a  majority  (perhaps  as  much  as  50-75  %)  of  the 
surface  states  in  SiC  MOS  capacitors,  as  can  be  verified  by  comparison  of  these  numbers 
with  measurements  of  interface  state  density  Djt  as  a  function  of  band  bending  (to  be 
discussed  later). 

As  seen  in  Fig.  1 ,  an  additional  hysteresis  is  present  in  many  of  our  SiC  MOS  structures 
in  the  bias  range  from  accumulation  to  about  midgap.  This  second  hysteresis  persists  to  very 
high  temperatures,  as  shown  in  Fig.  2.  We  attribute  this  hysteresis  to  traps  in  the  oxide  which 
communicate  with  the  semiconductor  by  tunneling,  and  we  designate  the  density  of  these 
“oxide  traps”  as  Not-  Such  near-interface  charge  trapping  can  also  be  observed  in  silicon 
MOS  capacitors,  although  it  is  usually  significant  only  after  high  field  stressing  or  ionizing 
radiation  [7]. 

Figure  3  shows  a  boron-doped  MOS  capacitor  oxidized  in  wet  O2  at  1150  °C  using  an 
RCA  clean  and  fast  pull.  All  our  boron-doped  samples  exhibit  a  small  kink  in  the  room 
temperature  CV  curves  near  flat  band,  as  illustrated.  This  is  due  to  partial  freeze-out  of 
acceptors  in  the  semiconductor  at  room  temperature.  The  ionization  energy  of  the  shallow 
boron  level  in  6H-SiC  is  0.34  eV,  compared  to  0.21  eV  for  aluminum  [8].  This  “freeze-out 
kink”  is  also  seen  in  silicon  MOS  capacitors  at  low  temperatures  (40-77  K)  [9]. 

A  comparison  of  Figs.  1  and  3  would  suggest  that  boron-doped  MOS  capacitors  have 
significantly  lower  Qf,  Njt,  and  Not  than  aluminum-doped  capacitors,  but  this  conclusion  is 
incorrect.  Note  that  the  boron-doped  sample  of  Fig.  3  was  processed  with  an  RCA  clean, 
while  the  aluminum-doped  sample  of  Fig.  1  was  processed  with  a  piranha  clean.  As  we  shall 
see  in  the  next  section,  the  improvement  in  interface  quality  is  due  entirely  to  the  cleaning 
procedure,  not  to  the  use  of  boron. 

3.2  High  temperature  hi-lo  CV  measurements 

The  commonly  used  techniques  for  Djt  measurements  on  silicon  MOS  capacitors  are 
the  Terman  high  frequency  CV  technique,  the  AC  conductance  technique,  and  the  hi-lo  CV 
technique.  The  Terman  technique  has  been  applied  to  SiC  MOS  capacitors  [4,10]  but  suffers 
from  poor  resolution.  The  AC  conductance  technique  has  also  been  reported  on  SiC  [1],  and 
offers  excellent  resolution  and  accuracy.  The  drawback  of  this  technique  is  the  need  to 
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Figure  3.  Room  temperature  CV  curves  of  a 
boron-doped  SiC  MOS  capacitor  oxidized  in  wet 
O2  at  1 150  °C  with  an  RCA  clean  and  fast  pull. 


Figure  4.  Simultaneous  hi-lo  CV  curves  on 
the  sample  of  Fig.  1  (Al-doped  with  a  piranha 
clean  and  slow  pull)  measured  at  340  °C. 


acquire  large  amounts  of  data.  The  frequency  dispersion  in  the  conductance  is  larger  for  SiC 
MOS  capacitors  than  for  silicon  MOS  capacitors,  so  that  a  larger  frequency  range  is  needed 
for  SiC  MOS  characterization  as  compared  to  silicon. 

The  hi-lo  frequency  CV  method  offers  a  good  tradeoff  between  resolution  and 
measurement  complexity.  Applying  the  hi-lo  technique  to  SiC  MOS  capacitors  is 
complicated  by  the  fact  that  conventional  quasi-static  CV  sweeps  are  prone  to  non¬ 
equilibrium  effects  resulting  from  injection  of  excess  minority  charge  into  the  substrate  [1 1]. 
We  have  used  an  equilibrated  quasi-static  CV  measurement  [12],  based  on  the  feedback 
charge  technique  [13],  that  allows  us  to  separate  the  small  signal  perturbation  used  to 
measure  the  capacitance  from  the  bias  sweep  itself,  unlike  in  conventional  quasi-static  CV 
measurements.  We  have  found  340  °C  to  be  sufficiently  high  so  that  most  of  the  interface 
states  respond  to  the  measurement,  allowing  us  to  apply  the  hi-lo  analysis  and  extract  Dit  vs 
energy  over  a  significant  portion  of  the  bandgap. 

Figure  4  shows  high  temperature  simultaneous  hi-lo  CV  measurements  of  the  sample  of 
Fig.  1.  Using  the  hi-lo  technique  we  calculate  the  surface  state  density  Dit  as  a  function  of 
energy  in  the  bandgap,  as  shown  in  Fig.  5.  Dit  this  sample  is  relatively  constant  at  about 
6x  1  Ql  1  e V- 1  cm-2  across  the  energy  range  investigated. 

Figure  6  compares  the  surface  state  density  Dit  of  boron-  and  aluminum-doped  samples 
oxidized  in  wet  O2  at  1150  °C  with  an  RCA  clean  and  extracted  with  a  fast  pull.  Dit  is 
similar  for  both  samples,  ranging  from  about  2x10^1  to  3.5xl0li  eV'l  cm-2.  We  typically 
find  no  significant  difference  between  boron-  and  aluminum-doped  samples  in  terms  of  either 
fixed  oxide  charge  density  Qf  or  surface  state  density  Dit. 


4.  Discussion 

Table  1  summarizes  our  findings  on  the  wet  oxidation  of  both  boron-  and  aluminum- 
doped  6H-SiC  at  1 150  °C  with  a  30  minute  in-situ  Ar  anneal.  This  temperature  and  ambient 
have  yielded  the  best  SiC  MOS  capacitors  to  date.  All  samples  in  this  study  are  doped  in  the 
range  of  1~2  x  lO^^  cm-3.  The  results  reported  in  the  table  are  based  on  only  one  or  two 
devices  of  each  type,  but  little  variation  is  seen  between  different  devices  across  a  wafer. 

As  stated  in  the  last  section,  results  for  boron-  and  aluminum-doped  samples  are 
comparable,  indicating  that  the  dopant  species  has  little  effect  on  interface  quality.  Pull  rate 
also  appears  to  have  little  effect.  However,  the  surface  cleaning  procedure  prior  to  oxidation 
has  an  important  effect  on  the  interface  quality.  For  both  boron-  and  aluminum-doped 
samples,  the  RCA  clean  results  in  lower  fixed  charge  density  and  surface  state  density. 


453 


Figure  5.  Surface  state  density  versus  energy 
in  the  bandgap  calculated  from  the  curves  of 
Fig.  4  (Al-doped  sample  with  a  piranha  clean 
and  slow  pull) 


Figure  6.  Comparison  of  surface  state  density  vs 
energy  for  boron-  and  aluminum-doped  SiC 
MOS  capacitors  oxidized  in  wet  O2  at  1 150  °C 
with  an  RCA  clean  and  fast  pull. 


The  most  important  result  of  this  work  is  the  observation  that  the  use  of  boron  as  a  p- 
type  dopant  does  not  produce  significant  improvement  in  interface  quality  compared  to 
aluminum.  This  is  somewhat  surprising,  since  it  has  been  widely  assumed  that  the  poor 
quality  of  p-type  SiC  MOS  capacitors  (as  compared  to  n-type)  was  due  to  the  incorporation 
of  aluminum  at  the  interface  during  oxidation.  Indeed,  aluminum  has  been  shown  to  be 
incorporated  in  the  oxide  at  about  the  same  density  as  the  doping  density  in  the  SiC  [3]. 
Since  boron  produces  no  degradation  in  silicon  MOS  capacitors,  it  has  been  suggested  that 
the  use  of  boron  would  result  in  better  interface  quality  in  p-type  SiC. 

Although  boron  does  not  solve  the  problems  associated  with  MOS  devices  on  p-type 
SiC,  we  note  that  improvements  in  material  quality  and  oxidation  procedures  over  the  past 
few  years  have  reduced  fixed  oxide  charge  density  to  the  high-lO^^  to  low-lO^^  cm’^  range 
and  surface  state  density  to  the  low- 1 0^1  eV'^  cm'^  range.  These  values  are  acceptable  for 
the  fabrication  of  practical  MOS  devices  in  SiC.  It  is  significant  that  these  results  have  been 
obtained  primarily  by  optimizing  the  oxidation  procedure  itself  and  employing  a  high 
temperature  in-situ  Ar  anneal.  No  low-temperature  post-oxidation  anneals  have  yet  been 
employed.  This  suggests  a  promising  direction  for  future  research. 


5.  Conclusions 

Thermally  oxidized  6H-SiC  MOS  capacitors  are  characterized  in  terms  of  effective 
fixed  charge  density  Qf,  surface  state  density  Dit,  and  density  of  near-interface  oxide  traps 
Not-  A  combination  of  room-temperature  high-frequency  CV  measurements  and  high- 
temperature  hi-lo  CV  measurements  are  used  to  extract  interface  parameters.  We  find  no 
significant  difference  in  interface  quality  between  boron-  and  aluminum-doped  samples.  We 
obtain  a  fixed  oxide  charge  density  of  1.4x101^  cm'^  and  a  surface  state  density  of  2.5x10^  ^ 
eV-l  cm-2  in  samples  which  are  prepared  using  the  RCA  clean,  oxidized  in  wet  O2  at  1150 
°C,  and  annealed  in-situ  for  30  minute  in  argon. 

This  work  is  supported  by  the  Ballistic  Missile  Defense  Organization,  Innovative  Science  and 
Technology  Division,  under  grant  no.  N00014-93-C-0071  (administered  by  ONR).  Additional  support  is 
provided  by  the  Semiconductor  Research  Corporation  under  grant  no.  94-SJ-378. 
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Oxidation  Condition 

Dopant 

Qf/q 

(cm‘2) 

X  10^2 

Nit 

(cm"2) 

X  10' 1 

(note  1) 

Dit 

(cm-2  eV-i) 

X  IQll 
(note  2) 

Not 

(cm'2) 

X  lOD 

Aluminum 

2.6 

12 

10 

Boron 

2.6 

10 

6.2 

Aluminum 

2.3 

14 

5.5 

5.5 

Boron 

2.3 

13 

5.5 

4.6 

Aluminum 

4.1 

Boron 

3.4 

Table  1.  Parameters  of  boron-  and  aluminum-doped  6H-SiC  MOS  capacitors. 

Notes;  (1)  In  the  calculation  of  Nit,  all  the  hysteresis  below  the  interface  state  ledge  (Fig  1)  has  been  used. 

Some  of  this  contribution  comes  from  near-interface  oxide  traps  (Not)-  Not  measurements  are  made 

o  0  0 

at  340  C,  and  a  larger  density  of  these  traps  may  respond  at  340  C  than  at  23  C. 

(2)  The  Dit  value  listed  is  an  average  over  the  energy  range  measured.  Variations  of  ±0.5x10^  ^  eV‘^ 
cm'^  over  the  energy  range  are  typical  (c.f.  Figs  5  &  6). 
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Abstract.  We  report  the  first  monolithic  digital  integrated  circuits  in  6H-SiC.  Non-self-aligned 
gate  MOSFETs  are  fabricated  in  p-type  epilayers  on  p4-  (Si-face)  6H-SiC  substrates.  The  logic 
circuits  consist  of  n-channel  enhancement  mode  pull-down  networks  with  n-channel  enhancement 
mode  load  transistors  connected  in  a  non-saturating  configuration.  We  have  fabricated  logic 
inverters  (beta  ratios  of  9,  12,  and  16),  NAND  and  NOR  gates,  D-Iatches,  RS  flip  flops,  XNOR 
gates,  binary  counters,  and  half  adders.  These  circuits  are  operational  from  room  temperature  to 
above  300  °C. 


1.  Introduction 

Silicon  carbide  (SiC)  is  a  wide  bandgap  semiconductor  (Eg  =  3.0  eV  for  the  6H 
polytype)  having  exceptional  chemical  and  thermal  stability.  Recent  improvements  in 
material  quality  suggest  that  practical  devices  and  circuits  can  be  developed  in  this  material 
system.  In  this  paper  we  report  recent  progress  in  the  development  of  monolithic  digital 
integrated  circuit  technology  in  6H-SiC  [1,2]. 


2.  Fabrication 

Integrated  circuits  are  formed  with  n-channel  MOSFETs  having  non-self-aligned  gates. 
The  MOSFETs  are  fabricated  in  3  pm  p-type  epilayers  (doped  with  A1  at  2x10^6  cm-3)  on  p+ 
(Si-face)  6H-SiC  substrates  obtained  from  Cree  Research,  Durham,  NC.  Registration  marks 
are  produced  by  RIE  in  SF6  using  an  A1  etch  mask.  Source  and  drain  regions  are  formed  by 
ion  implantation  of  N  through  a  Ti  implant  mask.  A  second  implant  introduces  A1  into 
regions  outside  the  active  devices  to  serve  as  a  channel  stop.  (This  channel  stop  implant  may 
be  unnecessary,  but  was  included  here  as  a  precaution.)  Both  implants  are  conducted  with 
the  SiC  sample  at  650  °C.  The  implants  are  then  activated  by  a  1500  °C  30-min.  anneal  in 
Ar.  A  50  nm  gate  oxide  is  formed  by  wet  oxidation  at  1150  °C,  followed  by  a  30  min.  in-situ 
Ar  anneal.  Source  and  drain  ohmic  contacts  are  E-beam  evaporated  Ni,  which  is  patterned  by 
liftoff.  The  p-type  ohmic  contacts  are  formed  to  the  channel  stop  region  by  evaporated  Al, 
which  is  also  patterned  by  liftoff.  At  this  point,  both  ohmic  contacts  would  normally  be 
annealed  at  high  temperature  in  Ar.  However,  in  the  devices  reported  in  this  presentation,  the 
contact  anneal  step  was  omitted  to  expedite  the  processing.  Finally,  the  gate  and  interconnect 
metals  are  formed  by  evaporated  Al,  forming  non-self-aligned  gate  MOSFETs. 


3.  Logic  circuit  characterization 

The  basic  NMOS  logic  circuit  is  illustrated  schematically  in  Fig.  1.  In  each  circuit,  the 
pull-down  network  is  comprised  of  n-channel  enhancement  mode  MOSFET’s.  The  load,  or 
pull-up,  devices  are  n-channel  enhancement  mode  MOSFET’s  connected  in  a  non-saturating 


456 


Figure  1.  Basic  logic  circuit  consisting  of  n- 
channel  enhancement-mode  MOSFET’s.  The 
load  transistor  is  connected  in  the  non- 
saturating  configuration  with  separate  Vdd 
and  Vqg  supplies.  The  pull-down  network 
(inside  dashed  box)  is  configured  to  implement 
the  desired  logic  function. 


configuration  with  separate  Vdd  and  Vgg  bias  supplies.  Threshold  voltages  are  2.5  V  at 
room  temperature,  decreasing  to  about  0.5  V  at  304  °C. 

Logic  inverters  with  beta  ratios  of  9,  12,  and  16  have  been  fabricated  and  characterized. 
At  room  temperature,  with  Vdd  =  10  V  and  Vgg  =  15  V,  inverters  with  a  beta  ratio  of  16 
exhibit  logic  levels  of  0.8  V  and  10  V,  as  shown  in  Fig.  2.  Noise  margins  are  approximately 
1.5  V  for  logic  zero  and  3.5  V  for  logic  one.  At  304  °C,  with  Vdd  =  5  V  and  Vgg  =  6  V, 
the  inverters  exhibit  logic  levels  of  0.2  V  and  4.9  V  (Fig.  2). 

We  have  also  implemented  more  complicated  logic  circuits,  including  NAND  and  NOR 
gates,  D-latches,  RS  flip-flops,  binary  counters,  XNOR  gates,  and  half  adders.  All  circuits 
are  functional  from  room  temperature  to  304  °C.  For  illustration  purposes,  we  will  discuss 
the  binary  counter,  XNOR  gate,  and  half  adder  here. 

The  binary  counter,  shown  in  Fig.  3,  consists  of  two  pairs  of  inverters  which  are 
connected  by  transmission  gates  to  form  a  master-slave  data  latch.  To  form  a  counter,  the 
inverted  output  (Q-bar)  is  connected  to  the  data  input,  so  that  each  positive-going  clock  edge 
causes  the  master  latch  to  go  to  the  opposite  state  from  the  current  output.  This  new  state  is 
transferred  into  the  slave  latch  on  the  negative-going  edge  of  the  clock.  The  result  is  a 
divide-by-two  counter,  as  verified  by  the  waveforms  in  Fig.  3. 
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Figure  2.  Input-Output  characteristics  of  the  logic  inverter  at  room  temperature  and  304  °C. 
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Figure  3.  Circuit  diagram  and  waveforms  of  a  Figure  4.  Circuit  diagram  and  waveforms  of  a 
SiC  binary  counter  at  room  temperature.  SiC  XNOR  gate  at  room  temperature. 


The  XNOR  gate,  shown  in  Fig.  4,  consists  of  an  inverter,  a  NOR  gate,  and  two  NAND 
gates.  The  output  is  a  logic  one  whenever  the  two  inputs  A  and  B  are  the  same.  The  truth 
table  is  given  in  the  figure,  and  can  be  verified  by  an  examination  of  the  waveforms  shown. 
In  these  circuits,  the  output  transistors  are  not  designed  to  drive  off-chip  loads,  and  the  output 
voltage  swing  is  limited  by  loading  due  to  the  1  MO  oscilloscope  probe. 

The  half  adder  is  shown  in  Fig.  5.  It  consists  of  two  inverters,  a  NOR  gate,  and  an  AOI 
(and-or-invert)  gate.  Outputs  are  sum  “S”  and  carry  “C”.  The  truth  table  and  waveforms  are 
also  shown  in  the  figure.  The  S  output  does  not  go  all  the  way  to  ground  when  the  C  output 
is  high  because  during  this  state,  S  is  being  pulled  low  by  the  transistor  which  is  gated  by  the 
C  output.  Since  the  C  output  does  not  go  all  the  way  to  10  V  due  to  loading  by  the  scope 
probe,  the  transistor  gated  by  the  C  output  is  not  adequately  turned  on,  and  the  S  output  does 
not  pull  all  the  way  to  ground. 

The  half  adders  (and  all  other  circuits)  operate  properly  at  temperatures  from  room 
temperature  to  304°C,  the  highest  temperature  tested.  Figure  6  shows  waveforms  of  the  half 
adder  at  304  °C. 


4.  Discussion 

Since  the  transistors  are  not  optimized,  we  have  not  attempted  to  determine  the 
maximum  switching  speed  of  these  circuits.  In  this  test  chip,  the  minimum  channel  length  of 
the  transistors  is  5  |Ltm,  and  all  transistors  have  metal  gates  which  overlap  the  source  and 
drain.  These  overlap  capacitances  severely  degrade  switching  performance.  In  addition,  the 
source  and  drain  ohmic  contacts  are  not  annealed,  and  source  and  drain  resistances  are  high. 
These  deficiencies  can  easily  be  corrected  in  future  designs. 
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Figure  5.  Circuit  diagram  and  waveforms  of  a 
SiC  half  adder  at  room  temperature. 
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Figure  6.  Waveforms  of  the  half  adder  at  304  °C. 
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Although  no  failures  were  observed  at  304  °C,  this  does  not  prove  that  these  circuits 
have  high  reliability  at  these  temperatures.  More  extensive  testing  is  required  before  long¬ 
term  high-temperature  reliability  can  be  claimed. 


5.  Conclusions 

We  have  reported  the  first  monolithic  digital  integrated  circuits  in  6H-SiC.  The  logic 
circuits  consist  of  n-channel  enhancement  mode  pull-down  networks  with  n-channel 
enhancement  mode  load  transistors  connected  in  a  non-saturating  configuration.  We  have 
operated  logic  inverters,  NAND  and  NOR  gates,  D-latches,  RS  flip  flops,  XNOR  gates, 
binary  counters,  and  half  adders  from  room  temperature  to  above  300  °C. 
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Abstract.  We  report  on  the  dc,  microwave,  and  high- temperature  characteristics  of  GaN  HFETs  and 
MISFETs.  GaN  HFETs  have  demonstrated  a  transconductance  of  45  mS/mm  at  30  and  22 
mS/mm  at  350  For  a  1  pm  gate  length,  an  fj  of  8  GHz  and  of  22  GHz  were  measured. 
Using  a  Si3N4  gate  insulator,  GaN  MISFETs  were  fabricated  and  have  exhibited  a  transconductance 
of  16  mS/mm  at  30  °C  and  11  mS/mm  at  200  °C.  For  a  0.9  pm  gate  length,  the  MISFETs  have  an 
fj  and  fjy^ax  of  5  and  9  GHz,  respectively. 


1.  Introduction 

Wide-bandgap  semiconductors  are  of  interest  for  high-temperature  electronics  and  high-power 
microwave  devices  [1,2].  This  interest  stems  primarily  from  the  lower  thermal  generation  rates 
and  higher  breakdown  fields  inherent  in  wide-bandgap  materials.  In  addition,  GaN-based  devices 
can  also  be  designed  with  heterojunctions  for  improved  performance  [3].  The  dc  and  microwave 
characteristics  of  GaN  HFETs  have  been  recently  reported  [4,5].  In  this  paper,  we  present  high 
transconductance  HFETs,  350  °C  HFET  operation,  and  the  demonstration  of  a  GaN  MISFET. 


2.  Material  Growth  and  Device  Fabrication 

The  GaN  epitaxial  layers  used  in  this  study  were  unintentionally  doped  and  grown  on  basal-plane 
sapphire  substrates  by  OMVPE  [6].  A  40  nm  AIN  buffer  layer  was  grown  at  a  substrate 
temperature  of  450°C,  followed  by  a  3  pm  undoped,  highly-resistive  GaN  layer  grown  at  1050°C. 
A  6  nm  AIN  layer  was  then  grown,  followed  by  the  growth  of  the  0.2  pm  GaN  channel.  C-V 
measurements  indicated  that  most  of  the  carriers  in  the  active  channel  are  located  near  the 
GaN/AlN  interface,  as  shown  in  Fig  1.  The  variable-temperature  Hall-effect  measurements  shown 
in  Fig.  2  indicated  a  constant  mobility  and  sheet  carrier  concentration  over  the  temperature  range 
from  10  and  120  K.  The  sheet  concentration  obtained  by  integrating  the  concentration  profile  of 
Fig.  1  is  in  good  agreement  with  the  value  obtained  by  the  Hall  measurements.  These  results  are 
consistent  with  the  existence  of  a  2DEG  at  the  GaN/AlN  interface. 


Carrier  Concentration  {cm*®) 
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The  device  cross  sections  of  the  HFET  and  the  MISFET  are  shown  in  Figs.  3  and  4, 
respectively.  Both  devices  were  fabricated  with  a  source -drain  spacing  of  5  [im  and  gate  lengths 
of  0.7  to  2.0  jim.  The  total  gate  width  is  150  |xm.  Alloyed  Ti/Al  was  used  to  form  the  source  and 
drain  ohmic  contacts  [7].  For  the  HFETs,  1000  A  of  GaN  was  removed  by  BCI3  RIE  before 
device  processing.  The  gate  metallization  was  Pt/Au  (500/2000  A).  In  the  case  of  the  MISFETs, 
an  800  A  Si3N4  gate  insulator  was  deposited  by  plasma  enhanced  chemical  vapor  deposition  and 
the  gate  metallization  was  3000  A  of  Al. 

The  devices  were  isolated  using  He-implantation-induced  damage.  Helium-implantation  is 
capable  of  increasing  the  resistivity  of  n-type  GaN  material  to  10^®  Q-cm.  Shown  in  Fig.  5  is  the 
resistivity  as  a  function  of  He  concentration  for  two  GaN  samples,  one  with  a  carrier 
concentration  of  4  x  lO^'^  and  the  other  4  x  10^8  cm-3.  The  higher  carrier  concentration  sample 
requires  a  He  concentration  10  times  greater  in  order  to  produce  a  similar  resistivity.  For  He 
concentrations  exceeding  1  x  10^^  cm"3,  the  resistivity  of  the  damaged  GaN  is  stable  to  over 
850  °C.  The  isolation  properties  of  the  He  implanted  GaN  are  superior  to  that  of  H  implanted 
GaN,  which  has  a  maximum  resistivity  of  10^  Q-cm  that  anneals  out  at  300  °C. 


3.  Device  Characteristics 

The  dc  drain  chai'acteristics  for  HFETs  with  a  gate  length  of  1  jim  are  shown  in  Fig  6.  The 
HFETs  have  a  pinch-off  voltage  of  -6  V  and  a  maximum  gj^^  of  45  mS/mm.  This  gj„  is 
significantly  higher  than  that  previously  reported  [4,5].  The  Pt/Au  Schottky  barrier  has  an  ideality 
factor  of  1.3.  As  shown  in  Fig.  7,  the  HFETs  were  operational  at  a  baseplate  temperature  of 
350  °C  with  a  g^  of  22  mS/mm.  At  this  temperature,  the  gate  leakage  current  begins  to  affect  the 
ability  to  fully  pinch  off  the  device.  The  reduction  in  gj^  at  elevated  temperatures  is  attributed  to  a 
reduction  in  electron  mobility. 


Fig.  7.  HFET  drain  characteristics  at  350  °C  Fig.  8.  MISFET  drain  characteristics  at  30 
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The  S -parameters  of  these  devices  were  measured  as  a  function  of  frequency  and  bias 
using  on-wafer  probing.  A  small-signal  equivalent  circuit  was  developed  by  matching  the 
measured  and  calculated  S-parameters.  The  circuit  has  the  topology  commonly  used  for  FETs. 
Using  the  GaAs  MESFET  as  a  reference,  the  present  GaN  HFET  has  large  drain  and  source 
resistances.  These  resistances  are  made  up  in  roughly  equal  parts  by  the  contact  and  access 
resistances.  With  modified  channel  doping  and  improved  ohmic  contact  technology,  both  of  these 
values  can  be  lowered.  For  a  1.0  |im  gate  length  device,  the  measured  fp  and  fmax  values  were  8 
and  22  GHz,  respectively.  In  terms  of  frequency  performance,  these  initial  results  with  GaN  are 
competitive  with  those  obtained  with  SiC  MESFETs. 

The  drain  characteristics  of  the  GaN  MISFETs  are  shown  in  Fig.  8.  The  MIS  FETs 
displayed  a  maximum  g^^  of  16  mS/mm  and  a  pinch-off  voltage  of  -50  V.  The  gate  leakage 
current  was  less  than  0.2  \xA  over  the  entire  range  of  gate  and  drain  biases.  The  relatively  low  g^^ 
at  low  gate  bias  is  attributed  to  interface  traps  and  is  consistent  with  a  relatively  large  6V 
hysteresis  in  the  C-V  characteristics  of  test  MIS  diodes.  The  measured  fj  and  fmax  values  were  5 
and  9  GHz,  respectively.  The  value  of  fmax  is  substantially  better  than  that  achieved  with  SiC 
MOSFETs,  At  200  °C,  the  maximum  g^  was  11  mS/mm.  Device  failure  occurred  while 
operating  at  a  baseplate  temperature  of  300  °C. 


4.  Conclusions 

GaN  HFETs  with  a  1.0  p.m  gate  length  have  a  transconductance  as  high  as  45  mS/mm  and  an  fj 
and  fmax  of  8  and  22  GHz,  respectively.  In  addition,  these  HFETs  are  operational  at  a  baseplate 
temperature  of  350  °C.  Finally,  we  have  demonstrated  a  GaN-based  MISFET  with  fj  and  f^ax 
values  of  5  and  9  GHz,  respectively.  These  results  indicate  that  GaN  devices  show  promise  for 
high-temperature  and  high-frequency  applications. 
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Physics  and  Simulation  of  InGaAsP/InP  Lasers 


R.  F.  Kazarinov 

AT&T  Bell  Laboratories,  Murray  Hill,  NJ  07974 


ABSTRACT 

We  review  AT&T  works  on  modeling  and  physics  of  communication  lasers.  They  include  a 
method  for  calculating  the  electronic  states  and  optical  properties  of  bulk  and  quantum  well 
active  region  laser  structures  and  comparison  of  modeling  and  experimental  results.  They  also 
include  two  dimensional  numerical  simulation  of  carrier  transport  in  laser  structures,  which 
allows  calculation  of  the  efficiency  of  injected  carrier  consumption  by  the  active  region  and  the 
dependence  of  the  laser  current  on  applied  voltage.  Calculations  of  quantum  efficiency  and 
threshold  current  for  bulk  InGaAsP  lasers  are  supported  by  the  experimental  data. 


1.  INTRODUCTION 

This  paper  is  a  review  of  some  works  done  at  Bell  Laboratories  on  modeling  of 
semiconductor  lasers  and  related  experimental  studies  aimed  to  verify  model  predictions. 
Naturally,  we  are  interested  in  communication  lasers.  The  list  of  these  lasers  includes  analog 
lasers,  uncooled  lasers,  pump  and  digital  lasers.  These  devices  have  different  designs,  they 
face  different  technological  challenges  and  different  problems.  The  major  requirement  to 
analog  lasers  for  CATV  application  is  to  provide  a  linear  response  of  the  output  power  to  a 
modulation  of  an  applied  voltage.  These  are  sophisticated  multi-quantum-well  (MQW), 
DFB  devices.  Uncooled  lasers  for  Local  Area  Network  applications  should  be  low  cost 
devices  operating  up  to  85  C  with  a  decent  performance.  Lasers  for  pumping  of  Erbium 
Doped  Optical  Fiber  Amplifiers  are  high  power  devices  ,C50  mW).  And  digital  lasers  for 
long  haul  communication  should  have  broad  bandwidth,  low  chirp  and  low  bit  error  rate. 
These  are  also  DFB,  MQW  devices. 

Driven  by  ever  increasing  demands  to  performance  laser  designs  are  getting  more  and 
more  complex.  With  strain  MQW  structures  replacing  a  simple  bulk  active  layer  in  all  types 
of  lasers  the  number  of  laser  structure  parameters  becomes  too  large  to  optimize  device 
performance  empirically.  Therefore,  Computer  Aided  Laser  Design  tools  become 
increasingly  important. 

This  paper  is  focused  on  experimental  verification  of  physical  assumptions  the  laser 
modeling  is  based  on.  We  started  this  study  with  a  simple  Fabry-Perot,  bulk  active  layer 
laser  designed  for  uncooled  application.  The  program  we  use  for  laser  modeling  consists  of 
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two  parts.  The  first  one,  gain  program,  calculates  electronic  states  and  energy  levels  of  a 
semiconductor  material.  It  also  calculates  optical  properties  of  laser  structures  as  a  function 
of  injected  carrier  concentration.  The  second  part  describes  carrier  transport  in  lasers.  It 
calculates  distribution  of  carrier  concentration  and  electrical  potential  in  the  device  and  the 
recombination  current. 


2.  GAIN,  MODELING  AND  VERIFICATION 

The  gain  model  we  use  has  been  developed  by  Gershoni,  Henry  and  Baraff  [1].  The 
electronic  states  and  the  energy  levels  of  the  semiconductor  device  are  found,  in  principle, 
by  solving  the  Schroedinger  equation.  This  equation  can  be  solved  for  the  perfect  spatially 
uniform  semiconductor  using  a  variety  of  well  known  techniques  [2,3],  but  in  a 
heterostructure  or  a  quantum  wire  or  dot,  the  crystal  composition  and/or  strain  varies  from 
region  to  region  and  approximations  are  needed  in  order  to  solve  it.  Many  such  approximate 
methods  are  now  well  known  and  extensively  used  [4].  In  the  paper  [1],  the  authors  use 
Kane’s  method  [2]  and  envelope  functions  [5].  The  result  of  this  approximation  is  that  the 
Schroedinger  equation  is  converted  into  a  set  of  eight  coupled  differential  equations  for 
envelope  functions.  The  equations  are  ordinary  differential  equations  for  quantum  wells,  and 
partial  differential  equations  for  quantum  wires  and  quantum  dots. 

The  gain  model  developed  described  above  accounts  for  a  realistic  band  structure.  But, 
it  regards  electrons  and  holes  as  ideal  Fermi  gases.  Some  of  carrier  interaction  effects,  such 
as  an  enhancement  of  optical  absorption  above  the  energy  gap  caused  by  electron-hole 
attraction  without  carriers,  can  be  put  into  the  model.  However,  a  reliable  theory  describing 
many  body  effects  at  actual  levels  of  carrier  concentration  is  not  available.  Therefore,  it  is 
important  to  verify  experimentally  whether  a  simplified  gain  model  can  give  predictions 
with  a  reasonable  accuracy. 

Such  verification  has  been  carried  out  in  reference  [6]  for  a  simple  bulk,  Fabry-Perot 
laser.  Maximum  modal  gain  Gmax  and  gain  peak  energy  E(Gmax)  are  obtain  in  this  work 
from  measured  subthreshold  gain  spectra  as  illustrated  schematically  in  Fig.  1. 

In  [6]  an  accurate  determination  of  of  quasi-Fermi  level  separation  jx  =  Ep^  -  Epp  is 
achieved  by  injection  of  a  weak,  single-  frequency,  ac  probe  signal  into  a  laser  cavity  to 
determine  conditions  of  material  transparency  [7]  thereby  allowing  us  to  extract  total  modal 
gain  Gtot  at  E(Gmax).  Modal  gain  as  a  function  of  current  is  inferred  by  measurement  of 
spectral  fringe  contrast  [8],  as  is  free  carrier  loss  under  transparency  conditions. 

In  order  to  compare  the  experiment  with  results  of  modeling  the  energy  gap  of  the 
active  layer  material  was  found  by  fitting  E(Gmax)  at  threshold  and  the  optical  confinement 
factor  was  calculated  to  relate  the  material  and  modal  gains. 

Fig.  1  shows  measured  (solid  curves)  and  calculated  (dotted  curves)  modal  gain  G^ot  as 
functions  of  electron-hole  Fermi  level  separation  p  at  25  and  85 °C  for  a  bulk,  Fabry-Perot 
laser. 


Modal  gain  (1/cm) 
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Fig.  1.  Subthreshold  gain  spectra,  (top). 

Gain  peak  vs.  quasi-Fermi  level  separation.  Solid  curves-experiment;  dotted 
curves-  theory 
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A  significant  difference  between  theory  and  experiment  for  |X  below  and  at  the  energy 
gap  is  caused  by  spectral  broadening  due  to  disorder  effects  which  are  not  included  into  the 
model.  However,  for  values  of  |lI  approaching  a  threshold  value  calculated  and  measured 
Gtot  are  close.  The  discrepancy  between  the  theoretical  and  the  experimental  |x  at  threshold 
corresponds  to  less  than  5%  of  carrier  concentration  for  both  temperatures. 

Discussed  above  relations  between  Gtot,  E(Gmax)  and  \L  are  independent  on  the 
recombination  and  carrier  loss  processes.  These  processes  determine  the  \x  dependence  on 
current.  We  address  this  issue  in  the  next  section. 


3.  CARRIER  TRANSPORT  AND  RECOMBINATION 

For  numerical  simulation  of  carrier  transport  and  recombination  processes  we  use  the 
program  PADRE  which  solves  Poisson’s  and  carrier  transport  equations  for  a  semiconductor 
heterostructure  in  up  to  three  spatial  dimensions  for  an  arbitrary  doping  distribution  and 
arrangement  of  contacts.  This  program  was  modified  to  incorporate  description  of 
stimulated  emission  and  supplemented  with  additional  calculations  of  the  optical  properties 
of  the  laser.  The  program  allows  calculation  of  the  efficiency  of  injected  carrier 
consumption  by  the  active  region.  It  also  calculates  the  current,  carrier  and  potential 
distribution  in  a  laser  structure  [9]. 

We  applied  this  program  to  calculate  the  leakage  current  through  the  GMBH  blocking 
structure  [10]  used  in  AT&T  lasers  for  uncooled  and  analog  applications.  Our  calculations 
have  generally  supported  an  observation  that  it  can  be  made  leak  free.  However,  there  is 
another  mechanism  of  carrier  loss  which  is  related  to  thermionic  emission  of  carriers  out  of 
the  active  layer.  This  effect  depends  exponentially  on  temperature  and  the  magnitude  of 
potential  barriers  confining  carriers  in  the  active  region.  Because  electron  and  hole  Fermi- 
levels  are  pinned  above  threshold,  it  may  appear  that  these  potential  barriers  are  also  fixed. 
In  fact,  these  barriers  depend  on  current  and  the  physical  reason  for  their  reduction  above 
threshold  will  be  discussed  below.  The  increase  of  carrier  loss  with  increase  in  current 
manifests  itself  experimentally  as  a  reduction  of  the  laser  slope  efficiency  i^ext  caused  by  a 
reduction  of  the  internal  quantum  efficiency  r|i  describing  a  fraction  of  carriers  recombining 
in  the  active  region. 

Experimental  verification  of  carrier  loss  due  to  thermionic  emission  has  been  done  in 
ref.  [10].  The  devices  studied  in  this  paper  are  InGaAsP/InP  Fabry-Perot  capped-  mesa- 
buried-heterostructure  (GMBH)  lasers  whose  basic  design  and  gross  electro-optic 
characteristics  are  described  in  reference  [11]. 

Internal  quantum  efficiency,  rij,  was  determined  though  a  measurement  of  the  external 
quantum  efficiency,  riext,  and  the  internal  loss,  ttj.  Internal  loss  at  threshold  was  estimated 
using  the  transparency  method  described  in  [7].  This  method  deduces  the  internal  loss  from 
a  measurement  of  the  spectral  resonances  at  the  transparency  current.  Transparency  is 
determined  at  a  specific  wavelength  with  the  aid  of  a  probe  laser. 

In  the  absence  of  current  shunt  paths,  carrier  loss  dominates  the  temperature 
dependence  of  r\i.  The  physical  picture  of  carrier  loss  caused  by  the  thermionic  emission  of 
electrons  out  of  the  active  layer  is  described  in  [9].  It  is  related  to  the  reduction  of  the 


drij/dl  (A-i) 
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Fig.  2.  Current  derivatives  of  the  internal  quantum  efficiency  as  a 
function  of  temperature.  Open  circles,  squares  and  dots  are  the 
experimental  values  for  lasers  1,2  and  (3,4)  respectively. 

Solid  curves  are  the  results  of  a  theoretical  fit  with 
NA  =  3.65*10~*’cm-^  andNA=3.25*10“‘’cm-^  . 
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Fig.  3.  Temperature  dependence  of  internal  quantum  efficiency. 
Dashed  curves  represent  experimental  data  for  four  lasers. 


Open  and  closed  diamonds  are  the  results  of  theoretical  calculations 
forNA  =  3.65*10*^cm~^  and  =3.25*  lO^^cm"^  respectively. 
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potential  barrier  confining  electrons  in  the  active  layer  due  to  the  voltage  drop  across  the 
heterojunction  between  the  p-  and  active  layers.  The  most  important  parameter  determining 
this  voltage  drop  (and  therefore  the  carrier  loss  due  to  the  thermionic  emission)  is  the  hole 
concentration  in  p-material  adjacent  to  the  active  layer.  This  concentration  is  reduced 
compared  to  its  nominal  value  due  to  Zn  diffusion,  and  it  is  not  well  known.  We  find  it  by 
fitting  the  current  derivative  of  the  internal  quantum  efficiency  dr|i/dl  obtained  from  the 
experiment  to  its  calculated  value  at  a  fixed  temperature.  The  results  of  fitting  are  shown  in 
Fig,  2.  We  see  that  the  Zn  concentration  =3.25*  lO^^cm”^  is  a  good  fit  for  lasers  3  and 
4,  and  =3,65* lO^^cm”^  is  a  good  fit  for  the  laser  1.  Fig,  2  also  shows  that  the 
calculated  dependence  of  drij/dl  on  temperature  is  in  good  agreement  with  the  experimental 
data. 


These  values  of  were  used  to  calculate  the  internal  quantum  efficiency  T|i  .  Fig.  3 
shows  the  results  of  this  calculation  (open  and  closed  diamonds)  and  the  experimental  data. 
Both  experimental  data  and  calculation  show  a  significant  reduction  of  r\i  above  80°C. 
Experimental  curves  for  lasers  3  and  4  are  shifted  down  compared  to  the  theoretical  one. 
We  attribute  this  difference  to  leakage  through  the  current  blocking  structure  which  has  not 
been  taken  into  account  in  calculations.  We  also  note  that  the  internal  quantum  efficiency  of 
these  lasers  are  significantly  larger  at  high  temperature  than  those  studied  in  [12].  The 
calculated  for  the  lasers  in  [12]  is  about  30%  smaller  than  obtained  for  devices  studied 
in  this  paper.  This  is  consistent  with  the  theoretical  conclusions  of  [9]  indicating  that 
increase  in  Na  should  result  in  an  improvement  of  Tii  . 


4.  CONCLUSIONS 

We  review  some  AT&T  works  on  physics  of  semiconductor  lasers.  They  include  a  method 
for  calculating  the  electronic  states  and  optical  properties  of  semiconductor  quantum 
structures  which  is  applicable  to  bulk,  quantum  wells,  quantum  wires  and  quantum  dot 
lasers.  They  also  include  two  dimensional  numerical  simulation  of  carrier  transport  in  laser 
structures,  which  allows  calculation  of  the  efficiency  of  injected  carrier  consumption  by  the 
active  region  and  the  dependence  of  the  laser  current  on  applied  voltage.  Preliminary 
experimental  works  indicate  that  a  semiconductor  laser  model  neglecting  most  of  many 
body  effects  can  be  reasonably  accurate.  Calculations  of  quantum  efficiency  and  threshold 
current  for  bulk  InGaAsP  lasers  are  supported  by  the  experimental  data. 
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Abstract.  We  show,  based  on  experimental  data  and  theoretical  analysis, 
that  quantum-wire  lasers  exhibit  a  substantial  degradation  in  operable  fre¬ 
quencies  due  to  fundamental  and  practical  reasons.  Among  the  fundamental 
reasons  is  a  substantial  increase  in  apparent  gain  compression  that  arises 
from  capture  and  emission  processes  and  carrier  heating.  Among  the  prac¬ 
tical  reasons  are  transmission  line  eifects  in  the  presence  of  a  large  electric 
parasitic  loading.  Bandwidths  in  excess  of  10  GHz  have  been  achieved  at  sub- 
mA  currents  and  bandwidths  approaching  20  GHz  are  considered  achievable 
at  sub-mA  currents. 


1.  Introduction 

Recent  experimental  work  on  strained  multi- well  quantum- wire  lasers[l][2]  has  demon¬ 
strated  lower  threshold  currents  (<  200  /xA)  and  comparable  K-factors  (0.344)  to  those 
of  simultaneously  grown  ridge  lasers.  However,  the  3-dB  response  frequencies  remain  low 
{^12  GHz  at  <  600  fiA  bias  current)  and  significantly  below  the  highest  frequencies  of 
30  GHz[3]  demonstrated  for  ridge  lasers.  The  limit  frequencies  are  also  lower  than  those 
of  ridge  lasers  fabricated  and  grown  simultaneously  with  the  quantum- wire  lasers.  This 
raises  questions  about  limitations  in  the  dynamic  operation  of  the  quantum-wire  lasers. 
Here,  we  point  out  a  number  of  fundamental  and  practical  considerations  that  will  limit 
the  operational  frequencies  to  below  those  postulated  in  earlier  analysis  of  quantum- well 
and  quantum- wire  structures. [4] [5]  While  we  use  the  operation  of  quantum- wire  lasers 
fabricated  in  a  V~groove[2]  for  our  discussion,  several  of  the  considerations  apply  to  lasers 
with  other  designs. 


2.  Fundamental  Limitations:  Carrier  Dynamics 

Using  conventional  small-signal  analysis[6]  for  ridge  (4  x  1000  and  quantum-wire 

lasers  (1000  /xm)[l],  key  parameters  have  been  obtained.  The  most  striking  changes 
occur  in  differential  gain  [g)  and  gain-compression  coefficient  (e);  the  former  increases 
from  2.1  X  10“^^  cm^  to  1.5  x  10“^^  cm^,  while  the  latter  increases  from  2.54  x  10"^^  cm^ 
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to  1.79  X  10"^®  cm^.  The  increase  in  the  former,  which  is  the  basis  of  the  high  frequency 
predictions,  is  largely  negated  by  the  increase  in  the  latter.  To  analyze  the  cause  of  this 
apparent  increase  in  gain  compression  coefficient,  we  revisit  the  operation  of  quantum 
well  lasers  by  considering  the  effect  of  capture[9]  and  emission  processes. 

Starting  with  the  single-mode  rate  and  band  occupation  equations. 


R{N,), 

-v,rTG{N,S)S, 


andy(iV^)  = 


-^l3R{N^)-\-VgrTG{N,S)S, 


^  +  Wln{[exp(^)-l 


where  the  subscripts  b  and  w  denotes  barrier  and  well  region,  N,  Nc  and  are  the 
carrier  and  band-edge  conduction  and  valence  band  state  densities,  S  is  the  photon 
density,  R  denotes  spontaneous  recombination,  G  is  the  gain,  Vr  is  the  thermal  voltage, 
r  is  the  confinement  factor,  and  Tph,  Tcap  and  Tem  are  the  photon,  carrier  capture  and 
carrier  emission  time  constants,  and  using  rj^b  and  r^v’w  for  the^differential  lifetimes  in 
the  barrier  and  the  well  region,  the  small-signal  solution  for  5//,  which  is  proportional 
to  the  modulation  transfer  function,  is  of  the  form 
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where  A  =  1  -f-  Tcap  ^  {'^Nb  ^em  VgrTsS^  and  the  gain  is  linearized  using  S)  — 

G-\-gN-eS.  We  can  write  the  constants  and  compare  them  to  the  conventional  equations 
where  capture  and  emission  are  ignored  {reap  0  3,nd  Tem  ^  oo).  Di,  originally  co^ 
the  square  of  relaxation  oscillation  frequency,  is 
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D2,  originally  7  -  the  damping  factor,  is 
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The  coefficient  for  the  third  power  in  frequency,  1)4  is  Tcap.  These  expressions  show  clearly 
the  perturbation  caused  by  finite  capture  times:  (a)  the  response  is  directly  attenuated 
by  a  fraction  that  measures  the  efficiency  of  the  capture  process  vis-a-vis  the  barrier  dif¬ 
ferential  lifetime  and  the  emission  time-constant  from  the  well  and  it  accentuates  directly 
the  effect  of  gain  compression  non-linearities,  (b)  damping  is  accentuated  and  the  relax¬ 
ation  oscillation  frequency  reduced  by  a  factor  that  is  again  tied  to  the  efficiency  of  the 
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Figure  1.  Electric  equivalent  circuit  of  the  quantum- well  laser  in  presence  of 
non-zero  capture  and  finite  emission  time-constants. 


process  that  makes  carriers  available  in  the  quantum  well  for  direct  recombination,  and 
(c)  an  additional  amplitude  reduction  effect  tied  directly  to  the  capture  process  through 
the  time  constant  uJTcap-  As  an  estimate,  the  corner  frequency  for  the  6-db/octave  roll-off 
is  31  GHz  for  r^ap  =  5  ps. 

A  useful  way  to  look  at  this  is  through  the  electric  equivalent  circuit  shown  in 
Figure  1,  which  reproduces  these  equations.  In  this  figure,  the  various  elements  are. 
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Above  and  beyond  the  modifications  introduced  to  the  conventional  equivalent  circuit 
elements [7],  the  capture  process  also  introduces  additional  lossiness  through  the  series  R- 
C  network.  Note  that  unlike  the  effect  of  this  process,  both  parasitic  capacitances  such  as 
that  due  to  bonding  and  inter- level  dielectrics [6]  and  transport [8]  cause  a  dominant  pole 
effect,  and  both  allow  laser  design  to  circumvent  them.  Employing  a  gain-compression 
coefficient  in  analyzing  experimental  data  based  on  unmodified  equations  leads  to  an 
anomalously  large  but  physically  meaningless  parameter.  The  effect  of  capture/emission 
processes  is  folded  into  an  apparent  gain-compression  coefficient  which  assumes  a  large 
value. 
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Figure  2.  Carrier  distribution  in  the  first  quantum-well  of  a  triple  quantum- 
well  laser  structure  with  a  strong  optical  and  electrical  confinement. 


An  equally  important  effect  of  this  capture  and  emission  behavior  is  the  large 
amount  of  carrier  heating  that  occurs  in  a  laser  structure.  Figure  2  shows  the  electron 
distribution  using  Monte  Carlo  calculations  in  a  Gao.75Ino.25As  quantum-well  with  strong 
optical  and  electrical  confinement  that  mimics  the  quantum-wire  structure  utilized  in 
the  experimental  work.  The  carrier  temperatures  are  very  high  and  the  consequence  is 
a  strong  optical  and  electrical  power  dependent  non-linearity.  A  time  transient  of  this 
injection-capture-emission  problem  also  shows  clearly  the  large  time  constants  involved 
in  getting  carriers  into  the  well  of  a  low-loss  laser  structure.  Figure  3  shows  the  evolution 
of  current  in  the  triple  quantum- well  structure  as  a  result  of  application  of  0.05  V  bias 
step.  The  time  constant,  in  the  presence  of  strong  velocity  overshoot  that  occurs  in  such 
structures  at  the  high  forward  bias,  can  exceed  10  ps  in  poorly  designed  structures  and 
causes  an  intrinsic  corner  frequency  of  30  GHz. 


3.  Practical  Limitations:  Parasitics 

The  injection  of  the  carriers  into  the  quantum  wire  region  of  a  structure  grown  in  a  V- 
groove  occurs  through  carriers  injected  directly  into  the  lasing  region  as  well  as  laterally 
through  the  thinner  quantum- well  sloped  wall  regions.  One  significant  advantage  of  this 
transport  is  that  carriers  to  the  reduced  number  of  states  in  the  quantum-wire  regions  are 
not  only  available  through  capture  processes  due  to  carriers  being  directly  injected  into 
the  wire  regions  but  also  laterally  from  the  confined  states  along  the  sloped  wall  where 
they  can  flow  in  over  a  significantly  larger  area.  However,  this  has  a  significant  parasitic 
effect.  A  large  forward  bias  exists  in  the  structure  leading  to  a  large  capacitance  along  the 
sloped  walls  of  the  structure.  The  long  cavity  structure,  inherently  required  due  to  the 
small  gain  volume,  results  in  strong  electrical  transmission-line  effect  which  is  dominated 
by  the  inductive-capacitive  loading.  For  a  cavity  of  200  fim  long  cavity,  we  estimate  that 
the  transmission-line  effects  will  limit  the  3-dB  frequencies  to  below  20  GHz.  An  example 
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Figure  3.  A  time-transient  due  to  a  step  voltage  pulse  of  0.05  V  in  the  laser 
structure  modeled  in  the  previous  figure. 
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Figure  4.  Modulation  function  assuming  absence  of  any  capture/emission 
effect  in  a  200  fim  long  laser  cavity  assuming  the  parasitics  of  experimental 
devices. 
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of  the  response  function  in  a  200  urn  long  cavity  is  shown  in  Figure  4.  The  transmission¬ 
line  effects  limit  the  3-dB  frequency  to  approximately  22  GHz. 


Conclusions 

Fundamental  and  practical  limitations  constrain  the  usefulness  of  quantum-wire  lasers 
to  similar  frequencies  as  their  uni- directionally  confined  counterparts.  Carrier  dynamics 
in  the  confined  regions  cause  reduction  in  the  amplitude  of  the  response  and  an  ampli¬ 
fied  dispersive  effect.  The  advantages  of  an  increase  in  differential  gain  towards  higher 
operating  frequency  are  largely  negated  by  increase  in  gain  compression.  The  geometries 
that  allow  useful  quantum-wires  to  be  fabricated  lead  to  a  strongly  loaded  transmission 
line  with  additional  frequency  constraints. 
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Abstract.  We  have  considered  nonlinear  distortions  in  a  subcarrier  multiplexed  optical 
transmission  system  aiising  from  canier  heating  effects  in  the  source  laser.  We  included  two 
sources  of  carrier  heating:  free-carrier  absorption  of  the  coherent  radiation  in  the  cavity  and 
the  power  flux  into  the  active  layer,  associated  with  the  input  current.  Simple  analytic 
expressions  have  been  derived  for  the  intermodulation  distortion  in  multi-channel  single-mode 
lasers.  For  an  80-channel  60-540  MHz  system  with  3%  optical  modulation  depth  per  channel, 
the  composite  second  order  distortion  brought  about  by  the  hot-carrier  effects  is  near  the 
tolerance  limit  for  CATV  systems. 


1,  Introduction 

Sub-carrier  multiplexed  (SCM)  optical  transmission  systems,  such  as  cable  television 
(CATV)  networks,  require  low-distortion  distributed  feedback  (DFB)  lasers.  The 
amplitude  modulation  (AM)  frequency  division  multiplexing  (FDM)  scheme,  the  preferred 
SCM  technique  in  CATV  networks,  presents  severe  requirements  to  the  linearity  of  the 
transmission.  Typically,  the  composite  second-order  distortion  must  not  exceed  -  60  dBc . 
Channel  capacity  in  current  systems  is  about  40  channels,  but  future  networks  are 
expected  to  caiTy  much  larger  number  of  channels  [1].  Linearity  specifications  for  an 
80-100  channel  system  become  extremely  stringent. 

The  dominant  intermodulation  distortion  (IMD)  is  commonly  attributed  to  the 
nonlinearity  of  the  light-cui*rent  characteristics  arising  from  a  spatially  inhomogeneous 
distribution  of  the  optical  field.  Other  sources  of  nonlinearity,  such  as  the  leakage  current 
and  the  intrinsic  (resonance)  distortion  ai'e  considered  relatively  small  [2].  However, 
inhomogeneous  field  distribution  is  not  fundamentally  inherent  to  DFB  lasers.  Thus, 
lasers  with  a  practically  homogeneous  field  distribution  have  been  obtained  [3]  by 
introducing  two  ^/8  phase  shifts  in  the  DFB  grating.  It  is  therefore  reasonable  to  discuss 
fundamental  limitations  to  the  linearity  of  analog  lasers  without  the  spatial  hole  burning. 

Two  fundamental  sources  of  nonlinearity  have  been  discussed  in  the  literature:  the 
intrinsic  (resonance)  distortion  [4]  and  the  clipping  of  the  multiplex  signal  at  the  laser 
threshold  [5].  The  clipping  distortion  has  been  extensively  studied  [6-9]  and  accurate 
formulae  ai’e  available.  As  to  the  intrinsic  distortion,  it  is  sometimes  claimed  to  be  small 
in  the  CATV  frequency  range  (<  600  MHz).  However,  since  the  intrinsic  IMD  decreases 
with  the  increasing  resonance  frequency  of  the  laser  as  if  If xf"  [4],  it  becomes  small 
only  at  sufficiently  high  bias  cuiTents.  On  the  other  hand,  increasing  the  steady-state  bias 
introduces  additional  nonlinearities  that  account  for  the  obsei-ved  minimum  in  the 
dependence  of  the  CSO  on  the  bias  current  [10].  Whether  or  not  the  intrinsic  distortion  is 
"small"  depends  on  the  position  of  the  minimum,  and  therefore  on  the  nature  of  the 
additional  nonlinearity. 
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Presently,  we  consider  another  fundamental  nonlinearity,  arising  from  the  free-carrier 
absorption  of  the  coherent  radiation  in  the  laser  cavity.  Although  by  itself  this  effect  is 
linear,  it  becomes  a  source  of  nonlinearity  when  one  takes  into  account  the  carrier 
heating  by  the  coherent  radiation  and  the  input  cuixent.  Resulting  from  the  very  existence 
of  a  modulated  optical  signal,  these  effects  cannot  be  avoided  in  any  laser  structure. 
Extending  the  standard  model  of  laser  dynamics  to  take  into  account  the  carrier  heating 
effect,  we  derive  simple  analytic  expressions  both  for  the  static  nonlinearity  of  the  light- 
cuiTent  characteristics  and  for  the  CSO  distortion  in  an  aititrary  AM-FDM  SCM  system 
with  any  (not  necessarily  random)  distribution  of  carrier  phases.  For  an  exemplary 
random-phase  80  channel  540  MHz  system,  based  on  a  1.5  |im  InGaAsP  DFB  laser,  we 
show  that  these  fundamental  nonlinearities  alone,  even  without  the  inclusion  of  clipping, 
account  for  an  IMD  near  the  limit  of  acceptable. 


2.  Model 

We  describe  the  laser  by  the  standard  system  of  rate  equations  for  carrier  ( /z )  and  photon 
(S)  densities  in  the  active  layer,  combined  with  an  energy  balance  equation  for  carriers: 
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where  J  =  HeV^  is  the  electi'on  flux  per  unit  volume  of  the  active  layer,  /  the 
pumping  cuiTent,  g  the  optical  gain  in  the  active  layer,  Q  the  optical  frequency,  F  the 
confinement  factor  for  the  radiation  intensity,  Xgp  the  lifetime  of  caiTiers,  Xph  the  photon 
lifetime  in  the  cavity,  the  caiiier  temperature  in  energy  units,  Xg  the  energy  relaxation 
time,  a  >  0  is  the  free  caixier  absorption  rate  and  A  is  the  kinetic  energy  per  carrier 
injected  into  the  active  region. 

We  assume  that  the  cairier  ensembles  are  at  all  times  described  by  a  quasi-equilibrium 
distribution,  parameterized  by  the  effective  temperature  T^,  which  we  moreover  assume  to 
be  the  same  for  both  electrons  and  holes.  Validity  of  this  approximation  relies  on  the 
rapidity  of  the  electron-electron  and  electron-hole  scattering  rates,  compared  to  all  other 
characteristic  times  in  the  problem,  including  energy  relaxation.  The  gain  function  g  is 
then  of  the  fonn 

5(Te,H,a)=5„«x(/e+/h-l),  (2) 

where  /e  and  /h  are  the  Fermi  functions  of  electrons  and  holes,  respectively,  at  energies 
selected  by  the  incident  photons  hO.. 

We  consider  a  multiple  QW  laser  with  the  radiative  transition  between  the  heavy-hole 
and  the  lowest  electron  subbands  near  the  fundamental  absorption  edge.  In  this  case: 


/e  (ns,T^) 
/h(«s>7’e) 


(3a) 
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where  mg  and  mh  are,  respectively,  the  effective  masses  of  electron  and  holes,  and 
ns  =ndQ^  is  the  sheet  carrier  concentration  in  the  QW.  Assumed  parameters  of  the 
laser  at  T  =  300  K  are  listed  in  Table  1  below. 


Table  1.  Assumed  Parameters  (Multiple  QW  Laser) 


Symbol 

Value 

Comment 

m 

0.8  eV 

X  =  1.55  pm 

(0.041, 0.5)mo 

(electron,  hole)  eff.  mass 

Smax 

4.0-^10^  cm"^ 

Eq.  (2) 

70  A 

7  wells 

V, 

12.25  pm^ 

250x1x0.05 

r 

0.04 

confinement  factor 

A 

300  meV 

(^oleff 

a 

0.19-10"^  cm^/s 

Oo  =  25  cm“^  at  /7  =  10^®  cm"^ 

"Tph 

3.34  ps 

photon  lifetime 

Xe 

2ps 

energy  relaxation  time 

P 

T|V,  ncis/rzp^ 

output  optical  power 

0.5 

S^P  efficiency 

Henry  et  al,  [11]  cite  ao  =  25cm“^  at p  =  10^^cm“^  and  X  =  1.6 pm.  The  energy  A 
depends  on  the  fraction  of  carriers  that  get  into  the  active  region  by  tunneling;  in  general, 
A  <  AEq  between  the  cladding  and  the  active  layers.  For  InP  cladding  (Eq  =  1.35  eV) 
and  1.55  pm  active  layer,  aEq  =0.55eV;  we  take  a  conservative  estimate  A:=0,3eV. 
Experimental  estimates  for  Xg  vai*y  widely;  recently  Hall  et  al.  [13]  found  a  time  constant 
of  ~  Ips  in  strained-layer  quantum  well  1,5  pm  laser  amplifiers.  We  take  Xg  =2ps, 
which  is  quite  modest  compared  to  calculations  (see,  e.g.,  [12])  that  include  the  phonon 
bottleneck  effect,  resulting  in  a  still  longer  Xg  at  high  carrier  concentrations.  Our 
assumed  values  of  A  and  Xg  result  in  a  steady-state  overheating  of  Tg  -  T  =  4K  at  the 
laser  threshold.  The  carrier  lifetime  Xsp(n)  will  be  assumed  in  the  form  [14]: 
z;p^  (n)  =  A  +  B  n  +  C  n'^ ,  with  the  coefficients  A,  B,  C  chosen  so  as  to  produce 
Xsp  =  0.5  ns  at  threshold. 

3.  Dynamic  Characteristics 

We  shall  denote  the  static  values  by  the  subscript  0,  and  time-dependent  temis  by  an 
index  i  ~  I  or  2,  with  the  increasing  refinement  of  the  approximation: 


S  =So+Si+S2\  Tg  =rgo +  rgi -Hrg2  ;  n=no  +  ni+n2  (4) 


The  input  current  is  of  the  form  /=7o+*^i*  The  signal  Si(t)  is  the  first  order 
modulated  response  of  the  laser.  The  pump  current  signal  contains  N  channels  at 
frequencies  =  cOo+AriAco,A"i  =  l,2,  •*•,7/,  viz. 


N 

axi  exp  (i  6/^ j )  exp  (i  co/^i  t) 

.  Ki  =  \ 


N 

X  ^[Jki  exp(ico/-iO]  ,  (5) 
^1  =  1 


where  aiciQ)  is  the  (real)  modulated  amplitude,  Jki  =  exp(i0/fi),  and  is  the 
phase  of  /^i-th  channel  signal.  In  a  CSO  testing  setup  the  amplitudes  are  kept  constant, 
<^Ki  =  ^  ^he  optical  modulation  depth  is  defined  by  a  =  OMD  •  (/q  “  ‘^th )  • 
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The  second  order  variations  S2,  n2  occur  at  frequencies  i  •  >  where 

A'i,Mi  =  l,2,  ’  ’  ■  ,  N .  The  set  of  channel  numbers  {Ki ,  Mi}  contributing  a  second 
order  beat  into  a  given  channel  K2  will  be  denoted  by  [^2  ]  (with  the  subsets  ]  and 
[  ]  contributing  the  sum  and  the  difference  beats,  respectively.) 

Inasmuch  as  the  energy  relaxation  is  much  faster  (by  two  to  three  orders  of 
magnitude)  than  the  characteristic  frequencies  in  the  problem,  Xe<co“^,  we  shall 
neglect  the  small  frequency  dependence  of  Tg  and  assume  that  Tg  follows  S  and  J 
instantaneously, 

=  Ts ,  /  =  1,2  ,  (6) 

where  Ys  =  cx  Xg  ^Q/3  and  Yj  =  z^AlSn.  Assuming  that  nonlinear  effects  are  small, 
^^2  <  «i  and  S2  Sly  we  solve  Eqs.  (1)  by  successive  approximations.  A  compact 
analytic  expression  obtains  if  we  neglect  compared  to  unity  the  following  terms: 


CO 

f%\  T  y  * 

rgth 

~  CO  Xph  , 

_  co2 

“  2  ’ 
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(7a) 

(7b) 


These  approximations  are  valid  sufficiently  far  from  the  threshold,  at  frequencies  much 
lower  than  the  resonant  frequency  of  the  laser,  defined  by  27t/r  =  cOr ,  where 


Under  these  conditions  we  find  the  following  expression  for  the  CSO  distortion  in  the 
presence  of  carrier  heating  effects: 
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where  Xgf/  =  A  +  2B  +  3C  and  ^  is  the  static  nonlinearity  coefficient  (zero-th 
order  equations  give  ^  ~  -  gui  d^5o/d/o  ) 


^  =  2a(  Xs  +  Xj)  +  2gth(^  +  3C«th)(  Xs  +  'Cj)^ 


a  n  th  Xg  •  fiO. 

where  Xs  = - — —  ; 
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The  sums  S  [K2]  are  given  by 

2:  exp[i(e/f, +  0M,)]  ; 
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[4->] 
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Note  that  all  temas  appearing  in  the  sums  (12)  are  independent  of  the  first- order 
frequencies  that  combine  in  co/^2  depend  only  on  the  phases  of  the  components.  If 
the  system  were  designed  to  control  the  subcarrier  phases,  it  would  be  possible  to  reduce 
the  CSO  distortion  by  a  suitable  selection  of  the  set  {0/^j };  thus,  it  is  feasible  to  suppress 
the  sum  beats  in  high-frequency  channels  at  the  expense  of  an  enhancement  in  difference 
beats  which  are  dominant  in  low-frequency  channels. 

In  a  typical  experimental  arrangement,  the  CSO  is  measured  with  random  phases 
generated  from  a  thermal  source.  Averaging  I  Z  I  over  the  random  phases,  we  find 

_ ,  [«?’]  - ,  [4‘>] 

=  E  1  ^  ;  IZ[4'’]  I  = 

Ki>M^  Ki>M: 


The  number  of  pairs  ]  contributing  to  difference  beats  decreases  linearly  from  70 

at  60  MHz  to  0  in  channels  with  >  480  MHz.  For  the  sum  beats,  0\C  [  ]  increases 

from  0  for  <  120  MHz  to  35  at  the  high  end. 

Figure  1  shows  the  calculated  CSO  for  an  exemplary  laser.  Note  that  at  high  bias 
currents  the  low-frequency  channel  (difference  beat)  has  a  larger  distortion  than  the  high- 
frequency  channel  (sum  beat),  hence  the  curve  crossing  in  Fig.  1.  This  phenomenon, 
often  seen  experimentally,  occurs  because  the  number  of  contributing  channel  pairs  is 
twice  larger  for  the  low-frequency  channel.  Increasing  current  increases  the  resonant 
frequency  and  in  the  limit  of  cOj.  oo  the  only  dependence  on  the  channel  frequency  is 
contained  in  2]  •  In  this  limit,  the  difference  between  the  two  curves  tends  to  3  dB . 


Fig.  1.  Composite  second  order  distortion  in  a 
80-channel  analog  laser.  Laser  parameters  as  in 
Table  1,  = 

Carrier  lifetime  x^p  («^)  =  0.5  ns  results  from 
5-3.8-10-’°  cm^/s  and  C~  1.5-10-'’*  cm®/ s, 
assuming  4  =  0.  For  comparison,  broken  lines 
show  the  result  at  constant  Xsp  =4”’  =  0.5  ns. 
Note  that  x^ff  resulting  from  the  variable  Xgp(rt) 
is  shorter  than  Xgp(«tj,);  in  our  example, 
“  0.2  ns . 

The  minimum  in  Ch.80  equals  -61.6dBc  and 
occurs  at  /  =:  40  mA  (when  A  ~  7  GHz). 


From  Eq.  (9)  the  minimum  CSO  distortion  in  a  channel  of  frequency  00^:2  ^Quals 


Ski 


min 


OMV  ■  (Oa-2 

2VT 


tph^ 

Sn  -a 


1  +  Vf 


+  (“a:2  ^eff) 


We  see  that  for  a  given  number  of  channels,  the  hot-carrier  distortion  increases  linearly 
with  the  OMD.  This  is  in  contrast  to  the  clipping  distortion,  which  is  exponential  [5-9] 
and  hence  must  dominate  at  high  enough  OMD.  However,  for  =  0.03  which  is 

the  case  we  considered,  the  clipping  distortion  is  immaterial  (<  100  dBc  for  all  channels). 

Note  that  enhancement  of  by  a  factor  of  2  decreases  the  minimum  distortion  by 
about  3dB.  Clearly,  increasing  g'^  is  the  key  strategy  for  improving  CATV  lasers. 
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Abstract,  We  report  stress  measurements  on  Alo.04Gao.96As/Alo.44Gao.56As 
single  quantum  well  laser  diodes  with  5-/im-wide  ridge  waveguides.  Raman 
scattering  and  photoluminescence  microprobe  spectroscopy  have  been  em¬ 
ployed  to  measure  the  stress  distribution  in  the  ridge  region  on  the  cleaved, 
uncoated  (110)  mirror  facets  and  to  identify  the  stress  sources.  The  camel 
hump-like  stress  profiles  along  the  active  layer  show  compressive  stress  with 
maximum  amplitudes  of  4  kbar  near  the  ridge  slopes  and  with  reduced  am¬ 
plitudes  close  to  the  ridge  center.  Both  the  ridge-embedding  Si3N4  layer  and 
the  top  p-metallization  introduce  strain.  Model  experiments  with  externally 
applied  stress  of  up  to  !==;1  kbar  demonstrated  the  high  sensitivity  of  the 
laser  near  field  and  threshold  current  to  stress  fields.  They  also  allowed  the 
measurement  of  low  built-in  stress  amplitudes  as  small  as  50  bar. 


1.  Introduction 

The  distribution  of  mechanical  stress  in  semiconductor  laser  waveguide  structures  is  a 
subject  of  great  perennial  interest,  because  stress  may  be  of  various  practical  importance 
for  laser  operation  [1].  Thus,  quantum  well  (QW)  lasers  with  elastically  built-in  stress 
can  have  performance  characteristics,  including  reliability,  that  are  substantially  superior 
to  those  of  unstrained  devices.  On  the  other  hand,  stress  may  be  the  driving  force  for 
a  variety  of  degradation  phenomena  [2]  and  may  modify  the  laser  waveguide  modes.  In 
this  paper,  we  report  stress  measurements  on  Alo.04Gao.96As/Alo.44Gao.56As  single  quan¬ 
tum  well  (SQW)  graded-index  separate-confinement  heterostructure  (GRINSCH)  laser 
diodes  with  5-/im-wide  ridge  waveguide  structures.  Raman  scattering  and  photolumi¬ 
nescence  (PL)  spectroscopy  have  been  employed  to  measure  the  stress  distribution  in 
the  ridge  region  of  cleaved  (110)  mirror  facets  with  high  spatial  resolution  yum)  at 
room  temperature  and  to  identify  the  stress  sources.  Results  of  model  experiments  with 
externally  applied  stress  will  also  be  discussed. 
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2.  Experimental 


Alo.04Gao.96 As/ AUGai_:,; As  lasers  were  grown  by  molecular  beam  epitaxy  on  n+-doped, 
(100)  GaAs  substrates  with  an  8-nm-thick  Alo.04Gao.96 As  SQW  sandwiched  between  100- 
nm  graded  regions  with  linear  A1  concentration  profiles  (a:  =  0.24  —  0.44)  and  adjacent 
«  1.8-/im-thick  Alo.44Gao.56 As  cladding  layers.  H2SO4  :  H2O2  :  H2O  etch  solutions  were 
used  to  form  the  ridge-waveguide  stripes  with  typical  widths  of  5  /im  along  (110)  direc¬ 
tions  on  the  (100)  surface.  The  lateral  slopes  of  the  ridge  are  inclined  and  usually  show 
a  slight  concave  upward  curvature.  Si3N4  used  for  insulation  was  LF-plasma  deposited 
with  a  thickness  of  ^20Q  nm  on  the  ridge  region  up  to  the  upper  edges,  leaving  a  narrow 
stripe  on  top  of  the  ridge  free  of  the  dielectric.  A  ~400-nm-thick  TiPtAu  metallization 
overlaying  the  entire  structure  formed  the  top  ohmic  contact.  The  (llO)-oriented  facets 
of  the  5-/im-wide  and  750-Aim-long  lasers  were  formed  by  cleaving  in  air  and  were  not 
coated.  The  laser  devices  were  soldered  junction-side-up  on  a  heat  sink.  Details  of  laser 
fabrication  have  been  described  elsewhere  [3]. 

Raman  and  photoluminescence  (PL)  microprobe  spectroscopy  have  been  used  to 
characterize  the  stress  on  the  ridge-waveguide  facets.  Raman  scattering  is  known  to  have 
a  detection  limit  of  only  ^^500  bar,  and  therefore  is  limited  to  areas  with  larger  stress. 
The  Raman  microprobe  spectra  were  measured  on  the  (110)  facets  in  air  and  at  room 
temperature  in  the  backscattering  configuration  by  using  the  457 .9  nm  line  of  an  Ar+  laser 
as  excitation  source  with  power  densities  of  the  order  of  <100  kW/cm^  on  the  sample 
surface.  This  leads  to  temperature  increases  of  only  p^rilO  K  [4].  In  this  configuration  the 
longitudinal-optical  (LO)  phonon  mode  is  forbidden,  but  the  transversal-optical  (TO) 
mode  is  allowed,  in  accordance  with  the  symmetry  selection  rules.  This  means  that 
the  spectra  will  show  only  the  GaAs-  and  AlAs-like  TO  phonon  modes  when  the  probe 
laser  spot  hits  the  AlGaAs  of  the  (110)  mirrors  [4].  We  used  the  GaAs-like  TO  mode 
as  the  optical  probe  for  sampling  the  stress  distribution  on  the  laser  mirrors.  The  low 
self-heating  of  the  probe  laser  has  no  detectable  influence  on  the  Raman  phonon  spectra 
and  therefore  will  not  impact  the  stress  measurements.  Spatial  resolution  was  achieved 
by  focusing  the  laser  beam  to  a  spot  diameter  of  !^1  ^m.  Positioning  and  aligning  were 
realized  by  mounting  the  samples  on  a  high-precision  (0.1  /im)  a;,  y,  2:-translator  stage 
and  observing  the  structure  with  a  video  camera  and  monitor  under  high  magnification 
(>10^x).  After  appropriate  dispersion  in  a  0.9-m  double-grating  spectrometer,  the 
Raman-scattered  light  was  detected  by  a  cooled  photomultiplier  with  GaAs  cathode  and 
single-photon  counting  electronics. 

The  micro-PL  measurements  on  the  laser  mirrors  were  performed  with  the  same 
spectroscopy  setup.  Here  we  used  the  n  —  1  e-hh  exciton  transition  in  the  active  QW 
as  the  optical  probe.  This  allowed  a  direct  measurement  of  the  relative  lateral  stress 
distribution  in  the  active  layer.  Compared  to  Raman  scattering,  PL  also  has  a  higher 
sensitivity  (f«5x),  which  can  be  expressed  from  a  practical  point  of  view  as  the  ratio 
between  the  pressure  coefficient  of  the  peak  energy  and  the  spectral  line  width  of  the 
transition  involved. 


3.  Results  and  discussion 

Raman  spectra  in  Fig.  1  show  the  first-order  Stokes  GaAs-hke  TO-phonon  mode 
detected  in  the  AlGaAs  several  micrometers  outside  the  ridge  region  at  a  peak  position  of 
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Figure  1.  Raman  spectra  from  a  (110)  AlGaAs  ridge  laser  facet,  (1)  outside 
ridge  region,  (2)  and  (3)  near  ridge  slopes  and  (4)  at  ridge  center. 
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Figure  2.  GaAs-like  TO-phonon  energy  shift  and  corresponding  strain  pro¬ 
files  as  measured  along  the  active  layer  (see  arrow  in  inset)  of  two  different  5- 
^m-wide  ridge  lasers.  Measurement  points  are  connected  by  smoothed  curves 
as  a  guide  to  the  eye.  Inset  shows  schematic  diagram  of  ridge  profile. 


Position  (um) 


261  cm“h  This  point  is  far  away  from  the  strained  region  around  the  ridge  and  therefore 
represents  the  reference  point.  Figure  1  clearly  exhibits  a  shift  of  this  mode  to  higher 
energies  when  approaching  the  ridge  along  the  active  layer.  Typical  maximum  shifts  of 
1.5  cm“^  can  be  found  close  to  both  ridge  slopes.  Inside  the  ridge  the  Raman  mode 
shifts  to  lower  energies  with  a  minimum  in  the  center. 

Figure  2  depicts  the  mode  shift  profiles  of  two  different  laser  devices.  Both  profiles 
are  similar  in  overall  shape,  but  are  differently  well-pronounced  at  the  ridge  slopes  and 
ridge  center.  Using  the  known  pressure  dependence  of  the  TO-mode  energy  shift  [5],  the 
experimental  mode  shift  profiles  were  converted  to  stress  profiles.  The  camel  hump-like 
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Figure  3.  Dependence  of  the  GRINSCH-QW  e  —  hh  exciton  energy  shift  AE 
and  corresponding  strain  figures  on  the  laser  bar  bending  amplitude  5.  Size  of 
squares  indicates  error  bars  for  AE  and  5.  Probe  laser  spot  was  positioned  on 
(110)  facet  at  center  of  ridge  on  active  layer  in  the  PL  measurements.  Inset 
shows  schematic  diagram  of  the  three-point  laser  bar  bending  device. 


stress  profiles  along  the  active  layer  show  high  compressive  stress  of  up  to  4  kbar  near 
the  ridge  slopes.  Usually,  the  compressive  stress  is  reduced  close  to  the  ridge  center,  but 
sometimes  low-tensile  stress  fields  can  be  detected  towards  the  center.  The  stress  profiles 
strongly  change  in  shape  and  strength  from  laser  to  laser  (see  Fig.  2).  PL  measurements 
led  to  the  same  camel  hump-like  stress  profiles,  but  proved  to  be  superior  to  Raman 
scattering  because  of  their  higher  sensitivity  (see  Section  2). 

Measurements  of  special  samples  with  (i)  just  the  ridge  structure,  (ii)  the  ridge 
structure  with  the  overlaid  insulating  Si3N4  ridge-embedding  layer,  and  (iii)  the  ridge 
structure  with  the  top  metallization  layer  revealed  that  both  the  nitride  and  metallization 
layer  can  introduce  stress. 

To  investigate  the  effect  of  stress  on  laser  operation,  we  performed  model  experi¬ 
ments  in  which  stress  can  be  applied  externally  by  bending  bars  (a  parallel  array  of  laser 
chips)  in  a  mechanical  instrument  (see  inset  of  Fig.  3).  The  effective  length  of  the  bar  in 
the  bending  experiment  is  6  mm,  the  width  is  750  ^m,  and  thickness  ?^150  fim.  Figure  3 
exhibits  the  achievable  strain  magnitudes.  Here  the  relative  QW-PL  energy  shift  AE  is 
plotted  as  a  function  of  bending  amplitude  s  with  the  probe  laser  spot  positioned  in  the 
center  of  the  ridge.  The  energy  shift  has  been  converted  to  stress  amplitudes  by  using 
f^lO  meV/kbar  for  the  pressure  coefficient  of  the  QW-PL  energy  [6].  Maximum  bending 
amplitudes  of  ~40  jim  (fracture  limit),  corresponding  to  ~0.6  kbar,  have  been  achieved. 
As  demonstrated  in  Fig.  3,  the  bending  technique  enables  the  measurement  of  built-in 
stress  amplitudes  (at  s  =  0)  as  small  as  50  bar. 

As  shown  in  Fig.  4,  the  lateral  near-field  pattern  is  strongly  affected  by  external 
stress.  Here  tensile  stress  was  induced  by  the  bending  technique  at  the  bar  surface,  where 
the  lasers  are  located.  As  the  two-dimensional  transverse  stress  profile  is  unknown,  the 
near  field  cannot  be  compared  with  theoretical  results.  Nevertheless,  we  were  able  to 
rule  out  some  effects  by  modelling  the  laser  structure  [7].  Thus,  the  effect  on  the  mode 
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Figure  4.  Near-field  pattern  of  an  AlGaAs  ridge  laser  (a)  without  external 
strain  and  (b)  with  tensile  strain  —0.6  kbar)  produced  by  the  laser  bar 
bending  technique. 


of  the  mismatch  of  the  photoelastic  coefficients  between  GaAs  and  Si3N4  could  be  ruled 
out.  The  refractive  index  step  variation  with  {Ap  =  —  1  kbar)  and  without  external 
stress  was  estimated  to  be  ^(An)  ~  0.014  by  using  dnjdp  =  —4  x  10“®  bar”^  for  GaAs 
[8]  and  dn/dp  =  +1  x  10“^  bar“^  for  Si3N4  [9].  However,  the  intensity  of  the  mode 
in  these  outer  regions  is  so  small  that  the  near  field  remains  unaffected.  The  presence 


Figure  5.  Light  (P)-current  (/)  characteristic  of  the  AlGaAs  laser  in  Fig.  4 
(a)  without  external  stress  and  (b)  with  tensile  stress  —0.6  kbar)  produced 
by  the  laser  bar  bending  technique. 
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of  a  higher  order  lateral  mode  shown  in  the  near-held  pattern  of  Fig.  4a  was  conhrmed 
by  the  modelling  [7].  The  modihcation  of  the  near-held  pattern  due  to  the  bending 
is  accompanied  by  a  modihcation  of  the  differential  efficiency  around  25  mW  (see  also 
Fig.  5b).  Our  qualitative  understanding  of  this  is  as  follows:  the  lateral  effective  index 
prohle  is  modihed  asymmetrically  in  the  central  regions  of  the  ridge  as  a  result  of  bending 
the  bar.  Therefore,  the  position  and  intensity  distribution  in  the  two  lobes  of  the  higher 
order  mode  are  laterally  shifted.  This  leads  to  an  effective  reduction  of  the  width  of  the 
total  intensity  distribution  (Fig.  4b),  whereby  the  internal  losses  of  the  waveguide  are 
modihed  and  the  differential  quantum  efficiency  is  changed  (Fig.  5b). 

A  reversible  increase  of  the  threshold  current  of  up  to  15%  was  observed  for  tensile 
stress  superposition  in  the  bending  experiment  (Fig.  5b).  As  a  consequence  of  the  shift 
of  the  light-hole  and  the  heavy-hole  bands,  this  result  can  be  expected  for  the  transition 
from  the  usually  compressive-strained  laser  to  one  that  is  more  of  tensile-strained  nature. 

These  model  experiments  clearly  demonstrated  the  high  sensitivity  of  laser  perfor¬ 
mance  characteristics  to  mechanical  stress  helds. 


4.  Summary 

Raman  scattering  and  photoluminescence  microprobe  spectroscopy  measurements  on 
AlGaAs  ridge  lasers  revealed  strong  compressive  strain  helds  of  up  to  4  kbar  near  the 
ridge  slopes.  The  center  of  the  ridge  is  usually  under  reduced  compressive  or  even  tensile 
strain.  The  strain  helds  arise  from  the  top  p-metallization  layer  as  well  as  from  the 
ridge-embedding  Si3N4  layer.  Laser  near-held  pattern  and  light-current  characteristics 
are  highly  sensitive  to  strain  helds  as  demonstrated  in  model  experiments  by  employing 
a  three-point  laser  bar  bending  technique. 
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Highly  Efficient  Light-Emitting  Diodes  with  Microcavities 


E.  F.  Schubert  and  N.  E.  J.  Hunt 
AT&T  Bell  Laboratories  Murray  Hill,  NJ  07974 

One-dimensional  microcavities  are  optical  resonators  with  coplanar  reflectors  separated  by  a 
distance  on  the  order  of  the  optical  wavelength.  Such  structures  quantize  the  energy  of  photons 
propagating  along  the  optical  axis  of  the  cavity  and  thereby  strongly  modify  the  spontaneous 
emission  properties  of  a  photon-emitting  medium  inside  of  a  microcavity.  This  report  concerns 
semiconductor  light-emitting  diodes  with  the  photon-emitting  active  region  of  the  light-emitting 
diodes  placed  inside  a  microcavity.  It  is  shown  that  these  devices  have  strongly  modified 
emission  properties  including  experimental  and  theoretical  emission  efficiencies  are  more  than  a 
factor  of  5  and  10  times  higher  than  in  conventional  light-emitting  diodes,  respectively. 


Fabry-Perot  cavities  are  optical  resonators  defined  by  two  coplanar  reflectors  separated 
by  a  macroscopic  distance  [1],  If  this  distance  is  small,  namely  one  half  or  one  single 
wavelength  of  operation,  i.e.,  on  the  order  of  one  |Xm  for  visible  and  near  infrared  light,  the 
cavities  are  called  optical  microcavities.  The  density  of  optical  modes  within  a  microcavity 
is  strongly  modified  as  compared  to  the  mode  density  in  free  space  surrounding  the  cavity: 
The  cavity  allows  for  the  propagation  of  optical  waves  only  at  the  fundamental  resonance 
mode  and  its  harmonics  along  the  optical  axis  of  the  Fabry-Perot  microcavity.  Modes  other 
than  the  fundamental  resonance  and  its  harmonics  cannot  exist  inside  the  cavity.  The  energy 
of  photons  confined  to  the  microcavity  is  thus  quantized,  in  near  perfect  analogy  to  the 
quantization  of  electron  energy  inside  a  quantum  well  potential. 

Intriguing  physics  evolves,  if  an  optically  active  medium,  i.e.  a  photon-emitting 
medium,  is  placed  between  the  two  reflectors  of  a  coplanar  Fabry-Perot  microcavity.  This 
novel  field  of  condensed  matter  research  has,  during  the  past  few  years,  made  possible  a  new 
generation  of  microresonator  devices  and  the  exploration  of  quantum  electrodynamic 
phenomena  [2,3].  Several  microcavity  geometries  have  been  employed  including  planar 
(Fabry-Perot)  microcavities,  spherical  resonators,  disk-shaped  resonators,  and  fully  three- 
dimensional  resonators  [2-6].  The  optically  active  materials  inside  the  microcavity 
structures  included  optically  active  rare-earth  atoms,  semiconductors,  and  dyes  [7-11]. 
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It  is  the  purpose  of  this  publication  to  demonstrate  that  microcavity  physics  can  be 
exploited  in  devices  which  have  superior  properties  when  compared  with  conventional 
devices.  We  show  that  a  new  generation  of  light-emitting  diodes  which  employs 
microcavity  effects  has  clearly  improved  characteristics  as  compared  to  conventional  LEDs. 
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Fig.  1  Layer  sequence  and  structure  of  the  resonant-cavity  light-emitting  diode.  The  planar  semiconductor 
microcavity  is  defined  by  a  distributed  Bragg  reflector  and  a  silver  mirror.  The  circular  silver  reflector  also 
serves  as  ohmic  contact.  Light  emission  occurs  through  the  substrate  coated  with  an  anti-reflection  film. 


Of  particular  interest  for  the  technological  application  of  microcavity  effects  is  the 
enhancement  and  suppression  of  radiation.  This  interest  is  based  on  the  fact  that  optical 
emission  rate  in  microcavities  along  the  cavity  axis  can  be  higher  under  certain  experimental 
conditions  which  will  be  defined  below.  To  illustrate  this  effect  we  consider  the 
semiconductor  microcavity  shown  in  Fig.  1,  which  consists  of  two  reflectors  namely  a  silver 
(Ag)  mirror  and  a  distributed  Bragg  reflector  (DBR).  The  reflectivity  of  the 
semiconductor/silver  interface  is  96%  for  near-infrared  light.  The  90%  reflective  DBR 
consists  of  10  pairs  of  an  AlAs/GaAs  multilayer  structure  with  each  layer  being  XIA  thick, 
where  X  is  the  resonance  wavelength  of  the  cavity.  Since  the  DBR  reflectivity  is  lower  than 
the  reflectivity  of  the  silver  mirror,  photons  will  escape  from  the  cavity  mainly  through  the 
DBR.  The  active  region  of  the  cavity  contains  four  Ino.  15  Gao. §5  As  quantum  wells. 

The  enhancement  of  the  emission  intensity  along  the  optical  axis  of  the  cavity  can  be 
calculated  in  terms  of  Fermi’s  Golden  Rule  [12].  At  the  resonance  wavelength,  the  emission 
enhancement  factor  is  given  by  [13] 
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^  I  (1+V^)^  (1  -  Rl)  Xeav 

o  I -  T 

2  (1  -  VRiR2)^  ^ 

where  Ri  and  R2  are  the  reflectivities  of  the  mirrors  and,  since  we  assume  Ri  <  R2,  most 
light  exits  the  cavity  through  the  reflector  with  reflectivity  Ri .  The  anti-node  enhancement 
factor  ^  has  a  value  of  2,  if  the  active  region  is  located  exactly  at  an  antinode  of  the  standing 
optical  wave  inside  the  cavity.  ^  has  a  value  of  unity,  if  the  active  region  is  smeared  out 
over  many  periods  of  the  optical  wave,  and  finally  ^  =  0  if  the  active  region  is  located 
exactly  at  an  optical  node.  Calculations  of  the  radiative  lifetime  Xcav  for  the  structure 
revealed  that  it  is  changed  by  less  than  10%  relative  to  the  spontaneous  lifetime  T,  i.e. 
Tcav  =  T  [13,14].  Eq.  (1)  allows  us  to  calculate  the  on-resonance  enhancement  and  using 
^  =  1.7  one  obtains  Gg  =  67  for  the  structure  shown  in  Fig.  1. 

Rather  than  the  enhancement  at  the  resonance  wavelength,  the  total  enhancement 
integrated  over  all  wavelength  is  relevant  for  practical  devices.  Exactly  on  resonance,  the 
emission  is  enhanced  along  the  axis  of  the  cavity.  However,  off  resonance,  the  emission  is 
strongly  suppressed.  Considering  that  the  natural  emission  spectrum  of  the  active  medium 
(without  cavity)  may  be  much  broader  than  the  cavity  resonance,  it  is,  a  priori,  not  clear  if 
the  integrated  emission  is  enhanced  at  all.  To  calculate  the  integrated  enhancement,  the 
spectral  width  of  the  cavity  resonance  and  the  spectral  width  of  the  natural  emission 
spectrum  must  be  determined.  The  former  can  be  calculated  from  the  uncertainty  relation 
and  the  photon  lifetime  in  the  cavity,  Xph,  according  to  AE  =  ^/Xph  or 


AA.  ^  % 

A.  2  nL^av 

where  Lcav  is  the  effective  cavity  length  and  n  is  the  refractive  index  in  the  cavity.  For 
typical  reflectivities  of  Ri  =90%  and  R2  =  96%  and  an  effective  cavity  length  of 
2.7(A,/n),  the  spectral  width  is  AA.  =  5  nm  at  A,  =  900  nm  [13].  The  theoretical  width  of 
the  emission  spectrum  of  bulk  semiconductors  is  1.8  kT  [17],  where  k  is  the  Boltzmann 
constant  and  T  =  300 K.  The  value  of  1.8  kT  corresponds  to  AA-n  =  31  nm  at  an  emission 
wavelength  of  900  nm.  Thus  only  a  small  part  of  the  spectrum  is  strongly  enhanced, 
whereas  the  rest  of  the  spectrum  is  suppressed.  The  total  enhancement/suppression  can  be 
calculated  by  assuming  a  gaussian  natural  emission  spectrum  [13] 

Gin,  =  GeViin2(AX./AXN)  (3) 

For  the  above  values  for  Gg,  AX,  and  AXn,  we  deduce  an  integrated  enhancement  of 
Gint  =  16.  The  integrated  enhancement  can  be  quite  different  for  different  types  of 
materials.  Narrow  atomic  emission  spectra  can  be  enhanced  by  several  orders  of  magnitude 
[7].  On  the  other  hand,  materials  having  broad  emission  spectra  such  as  dyes  or  polymers 
[10]  may  not  exhibit  any  integrated  enhancement  at  all. 

A  significant  difference  exists  between  LEDs  used  for  display  purposes  and  for  optical 
fiber  communication.  The  figure  of  merit  for  communication  LEDs  is  the  photon  flux 
density  per  unit  solid  angle.  A  high  photon  flux  density  allows  one  to  couple  much  of  the 
emitted  light  into  an  optical  fiber.  For  display  LEDs,  the  figure  of  merit  is  the  total  power 
emitted  into  the  hemisphere  of  the  observer,  i.e.,  the  total  number  of  photons  rather  than  the 
photon  density  is  relevant.  Several  structures  were  proposed  and  realized  to  improve  the 
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efficiency  of  LEDs  including  spherical  shapes  [16],  multiple  surfaces  [17],  reflectors  [18], 
and  non-planar  surfaces  [19].  However,  none  of  these  concepts  can  fundamentally  modify 
the  photon  flux  density  emanating  from  the  active  region,  but  are  rather  standard  geometric 
optical  constructions. 

An  LED  structure  which  provides  an  enhanced  photon  flux  density  is  the  resonant- 
cavity  light-emitting  diode  (RCLED)  shown  in  Fig.  1.  The  RCLED  is  pn  junction  diode 
integrated  with  a  microcavity.  The  fundamental  mode  of  the  cavity  is  in  resonance  with  the 
light-emitting  active  region  of  the  diode.  The  active  region  emits  at  930  nm  where  all  other 
materials  used  in  the  structure  are  transparent.  Most  light  escapes  from  the  cavity  through 
the  bottom  reflector,  since  its  reflectivity  is  lower  than  that  of  the  top  Ag  reflector.  The  top 
silver  reflector  also  serves  as  a  non-alloyed  ohmic  contact  to  the  heavily  doped  top  p^-type 
GaAs  layer.  The  thicknesses  of  the  two  confinement  layers  are  chosen  in  such  a  way  to  (i) 
have  the  fundamental  mode  of  the  cavity  at  930  nm,  and  to  (ii)  place  the  active  GalnAs 
region  into  an  optical  anti-node  of  the  cavity.  Light  exits  the  structure  through  the  substrate. 
The  exit  window  is  coated  with  an  anti-reflection  coating.  AuGe  surrounding  the  optical 
window  provides  an  ohmic  contact  to  the  n’^-type  GaAs  substrate. 

The  figure  of  merit  of  LEDs  used  in  optical  fiber  communication  systems  is  the  photon 
flux  density  emitted  from  the  diode  at  a  given  current  which,  for  a  given  wavelength,  will  be 
discussed  in  terms  of  |iW/steradian.  The  optical  power  coupled  into  a  fiber  is  directly 
proportional  to  the  photon  flux  density. 


Fig.  2  Light  intensity  versus  current 
for  a  planar  RCLED  emitting  at  910 
nm.  Also  shown  is  the  theoretical  curve 
of  the  ideal  isotropic  emitter  which  is 
an  upper  limit  for  all  conventional 
LEDs.  The  shaded  area  indicates 
experimental  intensities  of  the  best 
conventional  LEDs  and  of  the  ODL  50 
which  is  a  commercial  product. 


The  intensity  of  the  RCLED  as  a  function  of  the  injection  current  is  shown  in  Fig.  2. 
For  comparison,  we  also  show  the  calculated  intensity  of  an  ideal  isotropic  emitter  which  is 
a  hypothetical  device.  It  is  assumed  to  have  a  100%  internal  quantum  efficiency  and  to  be 
clad  by  an  a  anti-reflection  coating  providing  R  =  0  for  all  wavelengths  emitted  from  the 
active  region.  If  the  photon  emission  inside  the  semiconductor  is  isotropic,  then  the  optical 
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power  per  unit  current  per  unit  solid  angle  normal  to  the  planar  semiconductor  surface  is 
given  by 

Poptical  _  1  'ItzHc  ... 

O.  4nn^ 

where  n  is  the  refractive  index  of  the  semiconductor,  c  is  the  velocity  of  light,  and  X  is  the 
emission  wavelength  in  air.  This  equation  is  represented  by  the  dashed  line  in  Fig.  2.  Note 
that  neither  the  100%  internal  quantum  efficiency  nor  such  a  hypothetical  anti-reflection 
coating  can  be  reduced  to  practice  for  fundamental  reasons.  Therefore,  the  ideal  isotropic 
emitter  represents  an  upper  limit  for  the  intensity  attainable  with  any  conventional  LED.  In 
fact,  the  best  conventional  LEDs  have  intensities  lower  than  the  ideal  isotropic  emitter. 
Also  included  in  Fig.  2  is  the  state-of-the  art  ODL50  GaAs  LED  used  for  optical  fiber 
communication  [20].  All  devices  shown  in  Fig.  2  have  planar  light-emitting  surfaces  and 
no  lensing  is  employed. 


Figure  2  reveals  that  the  RCLED  provides  unprecedented  intensities  in  terms  of  both, 
absolute  values  as  well  as  slope  efficiencies.  The  slope  efficiency  is  7.3  times  higher  than 
the  efficiency  of  the  best  conventional  LEDs  and  3.1  times  higher  than  the  calculated 
efficiency  of  the  ideal  isotropic  emitter.  At  a  current  of  5  mA,  the  intensity  of  the  RCLED  is 
3.3  times  higher  than  that  of  the  best  conventional  LEDs  including  the  ODL50.  The 
unprecedented  efficiencies  make  the  RCLED  very  promising  for  optical  interconnect 
systems  which  will  be  discussed  further  in  a  subsequent  section. 
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Fig.  3  Reflectivity  spectrum 
(top)  from  a  semiconductor 
microcavity  and  emission 
spectrum  (bottom)  from  a 
microcavity  structure.  The 
similarity  of  the  two  spectra 
shows  that  optical  emission  is 
restricted  to  the  fundamental 
cavity  mode. 
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The  RCLED  presented  here  has  been  designed  for  an  operating  current  of  5  mA  and  for 
usage  with  optical  multimode  fibers  with  a  core  diameter  of  62.5  p.m.  At  higher  currents, 
the  RCLED  intensity  starts  to  saturate  as  shown  in  Fig.  3.  The  saturation  was  shown  to  be 
due  to  band  filling  [21].  At  operating  voltages  of  1.5V,  the  electrical  power  consumed  by 
the  devices  is  7.5  mW.  Less  than  7.5  mW  are  converted  to  heat.  Heating  of  linear  arrays  of 
devices  separated  by  2  x  62.5  p.m  =  125  |xm  is  not  a  problem. 

The  reflection  and  emission  properties  of  the  RCLED  are  shown  in  Fig.  3.  The 
reflection  spectrum  of  the  RCLED  exhibits  a  highly  reflective  band  for  wavelengths 
>900  nm  and  a  dip  of  the  reflectivity  at  the  cavity  resonance.  The  spectral  width  of  the 
cavity  resonance  is  6.3  nm.  The  emission  spectrum  of  an  electrically  pumped  device,  shown 
in  the  lower  part  of  Fig.  3,  has  nearly  the  same  shape  and  width  as  the  cavity  resonance 
width. 


■  I  - -  I _ I  I 
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Fig.  4  Emission  spectra  of  a 
resonant-cavity  light-emitting 
diode  at  different  excitation 
currents.  The  spectral  shape  is 
independent  of  the  current  indi¬ 
cating  the  absence  of  stimulated 
emission  or  superluminescence. 


In  conventional  LEDs,  the  spectral  characteristics  of  the  devices  reflect  the  thermal 
distribution  of  recombining  electrons  and  holes  in  the  conduction  and  valence  band.  The 
spectral  characteristics  of  light  emission  from  microcavities  are  as  intriguing  as  they  are 
complex  [22].  However,  restricting  our  considerations  to  the  optical  axis  of  the  cavity, 
simplifies  the  cavity  physics  considerably.  If  we  assume  that  the  cavity  resonance  is  much 
narrower  than  the  natural  emission  spectrum  of  the  semiconductor,  then  the  on-resonance 
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luminescence  is  enhanced  whereas  the  off-resonance  luminescence  is  suppressed.  The  on- 
axis  emission  spectrum  should  therefore  reflect  the  enhancement,  i.e.  resonance  spectrum  of 
the  cavity.  The  strong  similarity  of  the  emission  and  the  reflectance  spectrum  shown  in 
Fig.  3  confirm  this  conjecture. 

Microcavities  provide  enhanced  optical  feedback  through  photons  oscillating  in  the 
cavity.  The  enhanced  photon  density  results  in  a  higher  probability  of  stimulated  emission 
processes.  To  test  the  relevance  of  stimulated  emission  processes,  we  have  measured  the 
RCLED  spectrum  at  different  excitation  intensities  and  these  results  are  shown  in  Fig.  4. 
For  injection  currents  ranging  from  0.5  mA  to  15  mA,  the  optical  spectra  are  virtually  the 
same  indicating  the  insignificance  of  stimulated  emission. 

A  design  criterion  for  the  RCLED  is  (1  -  Rj )  »  a^acuvo  where  a  and  ^active  is  the 
absorption  coefficient  and  the  thickness  of  the  active  region.  This  condition  insures  that  the 
exit-mirror  loss  is  much  larger  than  self-absorption  in  the  active  region.  If  the  above 
criterion  were  not  fulfilled,  the  RCLED  would  not  provide  any  intensity  enhancement.  On 
the  other  hand,  laser  oscillation  requires  that  the  round-trip  gain  exceeds  the  mirror  loss. 
The  maximum  gain  of  a  population-inverted  structure  cannot  exceed  the  magnitude  of  the 
absorption  in  the  structure,  i.e.  I  g  I  <  I  a^active  1(23).  Thus,  the  maximum  achievable  gain  is 
always  smaller  than  the  mirror  loss,  irrespective  of  the  pump  level,  which  shows  that  laser 
oscillations  cannot  occur  in  RCLEDs. 

Optical  sources  based  on  spontaneous  and  stimulated  emission,  i.e.  LEDs  and  lasers, 
form  the  basis  of  all  silica  fiber  communication.  In  practice,  LEDs  are  preferred  over  lasers 
whenever  possible.  There  are  three  major  reasons  for  the  preferability  of  LEDs.  First, 
LEDs  have  much  higher  reliability  which  can  exceed  that  of  lasers  by  one  order  of 
magnitude  [16,24].  Second,  the  temperature  sensitivity,  which  is  known  to  be  governed  by 
the  well-known  To-law  in  lasers,  is  smaller  for  LEDs  [24].  Third,  the  simpler  fabrication 
process  of  LEDs  results  in  lower  production  cost.  However,  LEDs  cannot  be  used  in  high 
bit  rate  ( >  1  Gbit)  and  long  distance  (>5  km)  communication. 
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Abstract.  Single  crystal  GaN,  GaN-AlN,  GaN-InN,  SiC-AlN  and  Si-C-Ga-Al-N 
layers  were  grown  on  SiC  substrates.  Crystal  quality,  film  composition  and 
optical  properties  were  studied.  The  full  width  at  half  maximum  (FWHM)  of  x- 
ray  CD -scan  rocking  curves  was  1.2-2  arcmin  for  GaN  layers.  The  Nd-Na 
concentration  for  undoped  GaN  layers  was  10^"^  -  10^^  cm’3.  The  Nd-Na 
concentration  for  n-doped  GaN  layers  was  controlled  in  the  range  Ixl0i'7-4xl0^^ 
cm'3,  and  Na-Nd  concentration  for  as-grown  p-doped  layers  was  in  the  range 
Ixl0l’^-4xl0l^  cm‘3.  GaN/SiC  mesa-structures  were  fabricated  using  contact 
metallization,  photolithography  and  reactive  ion  etching.  The  current-voltage  (I- 
V)  characteristics  of  n+GaN/n+SiC  mesa-structures  were  linear  with  a  resistivity 
of  ~3  Q  (300  K).  GaN  pn  junctions  were  also  fabricated  on  SiC  substrates. 


1.  Introduction 

SiC  is  an  attractive  substrate  for  nitrides  due  to  its  well  matched  lattice  parameters  and  high 
electrical  conductivity  [1-3].  We  will  present  results  of  research  on  GaN,  GaN-AlN,  GaN- 
InN,  SiC-AIN  and  Si-C-Ga-Al-N  grown  on  SiC  substrates.  Layers  were  grown  on  the 
(OOOl)Si  face  of  6H-SiC  manufactured  at  Cree  Research.  Crystal  quality  was  investigated  by 
x-ray  diffraction,  high  energy  electron  diffraction  (HEED)  and  transmission  electron 
microscopy  (TEM).  Film  composition  was  measured  by  Auger  electron  spectroscopy  (AES) 
and  secondary  ion  mass  spectroscopy  (SIMS).  Optical  properties  were  studied  by 
photoluminescence  (PL),  cathodoluminescence  (CL)  and  electroluminescence  (EL). 


2.  GaN  layers  and  pn  structures 


2.1.  Surface  and  Crystal  structure 


The  thickness  of  GaN  layers  grown  on  SiC  ranged  from  0.1  to  6  microns.  Undoped  and 
doped  layers  with  a  dopant  concentration  less  than  10^^  cm'3  had  a  smooth  surface  (Fig.  1). 
HEED  measurements  showed  that  the  surface  of  the  films  was  single  crystal.  The  minimum 
FWHM  of  x-ray  co-scan  rocking  curves  for  the  (0002)  reflection  was  1.2  arcmin.  It  is  the 
most  narrow  co  scan  FWHM  for  GaN  layers  reported  to  date.  Results  of  TEM  measurements 
showed  that  the  GaN  films  consist  of  two  layers,  (1)  a  thin  interface  layer  with  a  high 
dislocation  density  and  (2)  a  top  layer  with  a  random  dislocation  distribution  and  lower 
dislocation  density  (Fig.  2). 


Figure  2.  Cross-section  TEM  image  of  a  GaN  layer  grown  on  6H-SiC. 
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2.3.  Optical  properties  and  stimulated  emission 

Photoluminescence  and  CL  of  GaN  layers  grown  on  6H-SiC  substrates  were  investigated 
through  a  wide  temperature  range.  The  edge  luminescence  dominated  the  PL  spectrum  in  the 
temperature  range  77  -  900  K  (Fig.  3,4).  The  temperature  dependence  of  the  GaN  exitonic 
band  gap  was  determined:  E(eV)  =  3.56  -  5.6*10'4-T.  Edge  cavity  stimulated  emission  from 
photopumped  GaN  layers  was  observed  in  the  temperature  range  77  -  450  K.  It  is  the  first 
observation  of  stimulated  emission  from  any  A^N  material  at  a  temperature  higher  than  300 
K.  The  wavelength  and  FWHM  of  the  stimulated  emission  peak  was  364  nm  and  2  nm  at  77 
K;  374  nm  and  3  nm  at  300  K;  and  386  nm  and  7  -  9  nm  at  450  K,  respectively.  Multipass 
stimulated  emission  with  Fabry-Perot  modes  was  observed  from  GaN  for  the  first  time.  The 
FWHM  of  Fabry-Perot  modes  was  -0.2  nm  (300  K). 


Wavelength,  nm  Photon  Energy,  eV 

Figure  3.  PL  spectrum  of  a  GaN  layer  Figure  4.  Wavelength  and  FWHM  of  PL,  CL, 

at  300  K.  and  EL  edge  peak  at  various  temperature. 

2.4.  Electrical  properties  and  doping 

The  Nd-Na  concentration  measured  using  a  mercury  probe  was  3x10^^  -  5x10^6  cm'^  for 
undoped  layers.  The  Nd-Na  concentration  for  n-doped  layers  was  controlled  in  the  range 
Ixl0l’7-4xl0l^  cm-3.  The  Na-Nd  concentration  for  p-doped  as  grown  layers  was  in  the 
range  IxlO^'^  -4x101^  cm'^.  n+GaN/n+SiC  mesa-structures  were  fabricated  using  contact 
metallization,  photolithography  and  reactive  ion  etching.  The  current-voltage  (I-V) 
characteristics  of  the  mesa-structures  were  linear  with  a  resistivity  of  ~3  Q  (300  K). 
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2.5.  pn  structures  and  EL 

GaN  pn  structures  were  grown  and  diodes  with  a  0.4x0.4  mm  mesa  structure  were  fabricated. 
Capacitance-voltage  measurements  showed  a  linear  impurity  distribution  at  the  pn  junction. 
The  electroluminescence  spectrum  for  this  n+GaN-p+GaN  structure  is  shown  in  Fig.  5. 


Figure  5.  EL  spectra  of  GaN  n+p+ junction:  If  =  20  mA,  300  K. 


3.  GaAlN  layers 

GaN-AlN  single  crystal  layers  were  grown  with  an  AIN  concentration  from  2  to  25  mol.  %. 
The  layer  thickness  was  0.1  -  0.4  pm.  The  FWHM  of  the  x-ray  co-scan  (0002)  rocking  curve 
was  1.6  arcmin  for  Gao.95Aio.05N,  4.7  arcmin  for  Gao.89Alo.i1N  and  6.5  arcmin  for 
Gao.83Alo.17N.  These  are  the  best  x-ray  rocking  curves  for  GaAlN  layers  ever  reported. 
Layers  displayed  sharp  PL  and  CL  edge  peaks  (Fig.  7).  The  FWHM  of  CL  edge  peaks  were  ~ 
65  meV  (300  K)  for  a  Gao.95Alo.05N  layer,  and  ~  90  meV  (80K)  for  a  Gao.83Alo.17N  layer  . 


Figure  7.  Edge  CL  peak  of  Gao.87Alo.i7N  layer  (77  K). 
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4.  GaInN  layers  and  GaN/GaInN/GaN  structures 


Single  crystal  layers  of  GaN-InN  alloys  with  an  InN  concentration  up  to  20  mol.  %  were 
grown  (Fig.  8),  as  well  as  GaN-GaInN-GaN  heterostructures  (Fig.  9).  The  thickness  of  the 
layers  ranged  from  0.05  to  0.5  pm.  Optical  properties  of  the  layers  are  under  investigation. 


Figure  8.  HEED  pattern  for 
InGaN  layer. 


Figure  9.  SIMS  depth  profile  of  GaN/InGaN/GaN 
heterostructure. 


5.  SiC“based  alloys 

Single  crystal  SiC-AlN  layers  (AIN  -  30-90  mol.  %)  were  also  grown  (Fig.  10).  For  an  AIN 
concentration  of  -50  mol.  %  the  minimum  FWHM  of  the  x-ray  0-20  rocking  curve  was  3.5 
arcmin.  Layers  displayed  CL  in  the  UV  and  visible  range.  The  minimum  CL  wavelength  was 
-230nm  (hv  -  5.4  eV). 


20,  arcsec 

Figure  10.  X-ray  co-20  scan  rocking  curve  for  (SiC)o.2-(AlN)o.8  layer. 
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In  addition,  monocrystalline  Si-C-Al-Ga-N  alloy  layers  were  grown  for  the  first  time  (Fig. 
11).  The  single  crystal  structure  of  the  alloy  was  verified  by  HEED.  Cathodoluminescence 
showed  several  peaks  in  the  UV  and  violet  region  with  a  minimum  wavelength  of 300  nm. 
The  photon  energy  of  the  UV  peak  decreased  when  the  Si  and  C  content  in  the  film  increased. 


Figure  11.  Auger  electron  spectra  for  a  Si-C-Al-Ga-N  layer 


6.  Summary 

Single  crystal  layers  of  GaN,  GaAlN,  GaInN,  SiC-AlN,  and  Si-C-Ga-Al-N  alloys  were  grown 
on  SiC  substrates.  The  high  quality  of  the  grown  layers  was  demonstrated.  GaN  layers  had  a 
FWHM  of  1.2  -  2  arcmin  as  measured  by  double  crystal  x-ray  co-scan  (0002)  rocking  curves. 
The  Nd-Na  concentration  was  10^4  _  iol6  cnr^  for  undoped  GaN  layers  and  IxlOl^-qxlO^^ 
cm-3  for  n-doped  layers.  The  Na-Nd  concentration  was  IxlO^^  -  4x10^8  cm-^  for  p  doped  as- 
grown  layers.  For  the  first  time,  stimulated  emission  was  detected  from  photopumped  GaN  at 
a  temperature  higher  than  300  K  (up  to  450  K). 

Linear  current-voltage  characteristics  with  low  resistance  (R  ~  3  H)  were  observed  in 
n+GaN/n+SiC  mesa-structures  proving  that  a  vertical  device  geometry  with  a  low  resistance 
can  be  realized  for  GaN  using  SiC  substrate.  The  first  GaN  pn  junctions  on  SiC  were  made. 
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Abstract  :  An  origin  of  improvements  in  the  characteristic  of  670nm  strained  multi-quantum 
well  AlGalnP  visible  lasers  during  accelerated  aging  test  is  investigated.  During  the  test,  the 
overall  laser  characteristics  are  improved  considerably  after  a  short-term  continuous  operation 
of  3mW  at  50 “C.  From  SIMS  measurement,  we  find  out  that  the  atomic  hydrogen  in  Zn  doped 
AlGalnP  cladding  layer  are  dissociated  from  zinc-hydrogen  complex  and  drifted  into  active 
region  due  to  bias  voltage  and  aging  temperature.  Because  the  dissociation  of  the  atomic 
hydrogen  results  in  the  decrease  of  series  resistance  and  the  atomic  hydrogen  drifted  into  the 
active  region  passivating  defects  at  AIGaInP/GalnP  interfaces,  it  is  believed  that  the  atomic 
hydrogen  plays  a  great  role  in  the  reliability  of  MOCVD-grown  AlGalnP  lasers. 


1.  Introduction 

The  AlGalnP  visible  semiconductor  lasers  have  become  one  of  the  most 
important  light  sources  for  optical  information  systems.  Hence,  several  investigations  on 
reliability  of  AlGalnP  lasers  have  been  reported.  In  some  of  the  reports,  there  were  specific 
results  showing  that  the  characteristics  of  AlGalnP  visible  lasers  were  improved  in  the  initial 
stage  of  accelerated  aging  test[l-2].  These  phenomena,  however,  are  not  understood  clearly 
yet.  In  this  paper,  we  investigate  the  aging  characteristics  of  AlGalnP  lasers,  especially  for 
explaining  improvements  in  the  overall  lasing  characteristics  during  aging  test. 


2.  Experiments 

An  index  guided  strained  multi-quantum  well  (SMQW)  separate  confinement 
heterostructure  AlGalnP  laser  was  fabricated  by  three  step  low  pressure  metalorganic 
chemical  vapor  deposition  (MOCVD).  DEZn,  and  SiH4  were  used  as  dopant  sources.  Lattice 
mismatch  in  GalnP  well  was  +  0.3%.  The  wavelength  and  threshold  current  of  the  laser  with 
250jLim  cavity  length  were  670nm  and  35niA  respectively.  An  accelerated  aging  test  was 
carried  out  for  the  laser  in  the  automatic  power  control  (APC)  mode  with  3mW  output  at 
50°C .  The  end  facets  of  the  laser  were  not  coated.  For  the  purpose  of  investigating  changes  in 
each  layer  comprising  laser  structure  before  and  after  aging  test,  we  fabricated  a  SMQW 
AlGalnP  visible  light  emitting  diode  (LED)  of  the  same  double-hetero(DH)  structure  with 
the  laser  and  operated  it  continuously  in  the  same  aging  condition.  The  diode  was  later 
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examined  by  secondary  ion  mass  spectrometry  (SIMS).  In  addition,  we  fabricated  a  specific 
laser,  "the  hydrogen-reduced  laser",  in  which  the  concentration  of  hydrogen  atoms  is  reduced, 
especially  in  p-type  cladding  layer,  by  the  heat  treatment  in  H2  atmosphere. 


3.  Results  and  Discussion 

Figure  1  shows  the  aging  characteristics  of  the  index  guided  SMQW  AlGalnP 
visible  laser  during  the  initial  stage  of  the  accelerated  aging  test.  The  aging  characteristic  of 
AlGaAs  laser,  the  860nm  liquid  phase  epitaxy  (LPE)-grown  index  guided  AlGaAs  laser 
is  included  for  comparison. 


o 


o 


Figure  1 .  Aging  characteristics  of  the  670nm 
S-MQW  AlGalnP  lasers. 


Figure  2  a).  Change  in  the  series  resistance 
of  the  laser. 
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Figure  2  b).  Change  in  the  slope  efRcienc\^  Figure  2  c).  Change  in  the  threshold  current 

of  the  laser.  of  the  laser. 


Unlike  LPE-grown  index  guided  AlGaAs  laser,  the  operating  current  of  the 
AlGalnP  visible  laser  decreased  gradually  for  about  60  hours  from  the  start  of  the  aging  test 
and  then  stabilized.  This  decrease  in  the  operating  current  is  explained  from  the  results  shown 
in  Figure  2a),  Figure  2b),  and  Figure  2c),  in  which  changes  in  the  series  resistance,  the  slope 
efficiency,  and  the  threshold  current  of  the  laser  during  the  aging  test  are  shown,  respectively. 
The  series  resistance  and  threshold  current  of  the  laser  are  decreased  and  the  slope  efficiency 
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is  increased  during  the  first  40  hours  of  the  aging  test.  To  compare  with  the  initial  values,  the 
average  series  resistance  and  threshold  current  decrease  about  8%  and  8.5%,  respectively, 
and  the  average  slope  efficiency  increases  about  24%  after  the  first  40  hour  aging.  Putting  all 
of  these  results  together,  it  is  apparent  that  the  lasing  characteristics  of  the  AIGalnP  laser  are 
improved  during  the  initial  stage  of  the  aging  test. 

Figure  3  shows  atomic  hydrogen  depth  profile  of  the  LED  by  SIMS  before  and 
after  the  aging  test.  Before  the  aging  test  (  thick  solid  line  ),  the  atomic  hydrogen 
concentration  in  the  p-AlGalnP  layer  is  higher  than  those  in  both  the  active  layer  and  the  n- 
AlGalnP  layer.  The  atomic  hydrogen  concentration  of  the  active  region  is  lowest  among  three 
layers.  But,  after  the  aging  test  (  thin  solid  line  )  the  atomic  hydrogen  concentration  of  p- 
AlGalnP  layer  reaches  nearly  the  value  of  n-AlGalnP  layer.  This  result  clearly  indicates  that 
the  atomic  hydrogen  in  the  Zn  doped  AlGalnP  layer  are  dissociated  fi*om  zinc-hydrogen 
complexes  and  drift  into  the  active  region  by  the  bias  voltage  and  the  aging  temperature[3-4]. 
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Figure  3.  SIMS  depth  profiles  of  the  atomic  hydrogen  in  cladding 
and  active  layers  of  the  LED  before  and  after  aging  test. 

From  above  results  we  suggest  the  following  scenario.  First,  the  free  carrier 
concentration  of  each  cladding  layer,  especially  that  of  p-type  cladding  layer,  which  is  more 
critical  in  determining  the  characteristics  of  the  laser,  increases  as  the  concentration  of  the 
dopant-hydrogen  complex  decreases  in  each  cladding  layer.  Thus,  the  series  resistance  of  the 
laser  decreases  gradually  and  the  electron  overflow  is  reduced  as  the  height  of  the  hetero¬ 
barrier  between  p-cladding  layer  and  the  active  region  becomes  larger[5].  Second,  the  atomic 
hydrogen  drifts  into  the  active  region  passivating  both  bulk  and  interfaces  defects  of  the  active 
region[6]. 

Figure  4  shows  the  aging  characteristics  of  the  hydrogen-reduced  laser.  The 
hydrogen-reduced  laser  was  obtained  by  an  annealing  of  the  laser  structure  of  the  first  step 
MOCVD  growth  in  H2  atmosphere[7].  The  aging  condition  was  the  same  as  that  for  the 
results  shown  in  Fig.  1.  According  to  our  suggestion,  we  expect  that  the  degree  of  the 
improvement  in  the  lasing  characteristics  of  the  hydrogen-reduced  laser  should  be  inferior  to 
the  laser  made  from  an  as-grown  wafer.  As  expected,  the  operating  current  of  the  hydrogen- 
reduced  laser  increases  gradually  from  the  start  of  the  aging  test.  This  result  strongly  confirms 
our  suggestions. 
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Figure  4.  Aging  characteristics  of  the  annealed  670nm  SMQW  AlGalnP  lasers. 


4.  Summary 

An  accelerated  aging  test  has  been  carried  out  on  the  670nm  SMQW 
AlGalnP  laser.  The  overall  lasing  characteristics  of  the  laser  have  been  shown  to  improve 
during  the  initial  stage  of  the  aging  test.  We  suggest  that  this  phenomenon  is  related  to  the 
behavior  of  the  atomic  hydrogen  in  the  epitaxial  layer  of  the  laser  on  the  basis  of  the  results  of 
SIMS  measurement.  Further  confirmation  of  our  suggestion  is  made  by  another  aging  test 
with  the  hydrogen-reduced  lasers.  In  conclusion,  we  propose  that  the  behavior  of  an  atomic 
hydrogen  should  be  considered  seriously  because  of  its  importance  on  the  reliability  of  the 
semiconductor  laser. 
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7-1  Kioi-cho,  Chiyoda-ku,  Tokyo  102,  Japan 

Abstract.  Annealing  effects  on  hreshold  current  density  (Jth)  of  GalnP  strained  single 
quantum  well  (SSQW)  lasers  were  systematically  investigated.  After  the  annealing, 
remarkable  reduction  of  the  Jth  of  630-650nm  lasers  was  observed,  accompanied  by 
increase  of  p  carrier  density  of  the  p-cladding  layers.  Especially,  the  Jth  of  633-nm  lasers 
was  reduced  from  850  A/cm^  to  555  A/cm^.  The  annealing  effect  on  the  Jth  reduction  can 
be  theoretically  explained  by  suppressing  electron  leakage  currents,  especially  drift  leakage 
current  over  p-side  heterobarriers. 


1.  Introduction 

AlGalnP  red-light  semiconductor  lasers  emitting  in  600-nm  wavelength  range  are  crucial 
devices  in  realization  of  high-performance  optical  information  processing  systems,  and 
many  studies  have  been  made  on  methods  to  improve  the  lasing  properties. 

For  the  AlGalnP  lasers,  especially  with  shorter-wavelengths  (-633  nm),  the 
electron  leakage  current  over  p-side  heterobarriers  is  a  dominant  factor  which 
deteriorates  the  lasing  properties  such  as  threshold  current  [1].  Thus,  in  order  to 
improve  the  lasing  properties,  the  leakage  currents  must  be  reduced. 

The  leakage  current  consists  of  two  components,  i.e.,  diffusion  and  drift  leakage 
currents.  These  leakage  currents  can  be  reduced  by  pushing  up  the  p-side  heterobarriers. 
Especially,  the  drift  leakage  component,  which  is  dominant  in  the  leakage  currents  for  the 
shorter-wavelength  lasers  [2],  can  be  reduced  by  increasing  electrical  conductivity  of  the 
p-cladding  layers,  because  of  decrease  in  electric  field  induced  in  the  cladding  layer. 
Both  pushing  up  the  heterobarriers  and  increasing  the  electrical  conductivity  can  be 
achieved  by  increasing  p  carrier  density  in  p-cladding  layers.  Here,  note  annealing  of  the 
lasers,  which  is  a  very  attractive  method  for  increasing  p  carrier  densities  [3]. 
Furthermore,  it  was  shown  that  the  annealing  is  effective  in  reducing  nonradiative 
recombination  currents  at  the  interfaces  between  active  and  cladding  layers  of 
GalnAs/GaAs  strained  quantum  well  lasers  [4]. 

In  this  study,  annealing  effects  on  threshold  current  density  (Jth)  of  GalnP 
strained  single  quantum  well  (SSQW)  lasers  [5,6]  with  Be-doped  AllnP  p-cladding  layers 
grown  by  gas  source  molecular  beam  epitaxy  (GSMBE)  were  systematically  investigated. 
After  annealing,  remarkable  reduction  of  the  Jth  of  630-650nm  lasers  was  observed, 
accompanied  by  increase  of  p  carrier  density  of  the  p-cladding  layers.  Especially,  the  Jth 
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of  633-nm  lasers  was  reduced  from  850  A/cm^  to  555  A/cm^.  From  these  results  and 
theoretical  consideration  of  diffusion  and  drift  leakage  currents,  it  was  shown  that  the 
annealing  is  very  effective  in  suppressing  the  leakage  currents,  especially  the  drift  leakage 
current,  due  to  increased  heterobarrier  height  and  increased  electrical  conductivity  of  the 
p-cladding  layers,  both  induced  by  the  increased  p  carrier  density. 


2.  Preparation  of  GalnP  SSQW  lasers 

In  this  study,  to  fabricate  GalnP  strained  single  quantum  well  (SSQW)  lasers,  gas  source 
molecular  beam  epitaxy  (GSMBE)  [7,8]  was  employed.  In  this  system,  group  (Al,Ga,In) 
beams  were  supplied  from  solid  sources,  while  the  group  V  phosphorus  and  arsenic 
beams  from  cracking  gas  sources  (i.e.,  using  100%  PH3  and  AsH3  gases,  respectively) 
[8].  For  n-  and  p-type  dopants.  Si  and  Be  were  used,  respectively. 

For  the  growth  of  GalnP  and  AllnP  layers,  the  standard  growth  condition  [7,8] 
were  employed,  that  is,  with  the  growth  temperature  of  around  500  ^C,  growth  rate  of 
0.86  pm/h,  and  PH3  flow  rate  of  6.8  seem  (giving  the  corresponding  V/III  ratio  of  6.6). 
Here,  the  typical  substrate  rotation  speed  during  growth  was  30  rpm.  The  lasers  were 
grown  on  misoriented  (toward  [011]  direction  by  15®)  n-GaAs  substrates  [1]  mounted 
on  molybdenum  substrate  blocks. 

GalnP  SSQW  lasers  consisted  of  GalnP  strained  quantum  well  active  layers 
sandwiched  between  GaInP/AlInP  short^period  superlattice  cladding  (SLC)  layers  with 
3-monolayer  (ML)  and  2-ML  thickness  combination.  In  the  growth  of  the  lasers,  first  n- 
GaAs  (70  nm)  and  n-GalnP  (10  nm)  buffer  layers  were  grown  on  GaAs  substrates, 
followed  by  the  sequential  growth  of  SSQW  laser  layers  in  the  following  order;  n-AlInP 
cladding  layers  (0.7  pm),  undoped  SLC  layers  (80  nm),  undoped  GalnP  SSQW  active 
layers  (10  nm),  undoped  SLC  layers  (80  nm),  p-AlInP  cladding  layers  (0.7  pm),  and  p-^- 
GalnP  cap  layers  (280  nm). 

Here,  the  GalnP  composition  was  switched  abruptly  at  quantum  active  layer 
boundaries  from  lattice-matched  to  mismatched  composition  for  introducing  biaxial 
crystal  strain.  The  composition  change  was  successively  performed  without  growth 
interruption  by  use  of  the  novel  shutter  control  method  [5,6].  In  this  experiments,  five 
types  of  the  laser  with  different  amounts  of  strain  (i.e.,  -0.9,  -0.5,  0,  +0.5  and  +1.1  %) 
were  prepared. 

After  growth  of  the  lasers,  annealing  was  performed  at  550  ®C  for  30  minutes  in 
a  N2/H2  (H2  5%)  blended  gas  atmosphere.  In  order  to  investigate  annealing  effects,  the 
lasing  characteristics  and  photoluminescence  (PL)  properties  of  as-grown  and  annealed 
laser  samples  were  evaluated. 


3.  Annealing  effects 

3. 1.  Threshold  current  density 

For  as-grown  and  annealed  GalnP  SSQW  lasers,  i/th  values  were  evaluated  as  broad- 
contact -type  lasers  under  the  pulsed  condition  (repetition  rate:  1  kHz,  width:  100  ns). 
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Figure  1  shows  threshold  current  density  (Jth)  at  room  temperature  for  annealed 
and  as-grown  lasers  with  cavity  length  of  1  mm  as  a  function  of  lasing  wavelength.  The 
lasing  wavelengths  were  635,  642,  657,  691  and  708  nm  for  the  as-grown  lasers  with 
corresponding  strain  amounts  of  -0.9,  -0.5,  0,  +0.5  and  +1.1  %,  respectively.  In  Fig.l, 
we  notice  that  remarkable  reduction  in  Jth  value  for  shorter  wavelength  (630-650  nm) 
lasers  was  obtained  by  annealing,  while  for  the  longer  wavelength  (>  690  nm)  lasers,  no 
improvement  in  Jth  was  observed.  Here,  the  lasing  wavelength  did  not  change  by 
annealing  for  overall  wavelength  range  (i.e.,  for  any  strain  amounts).  Especially,  for  633- 
nm  lasers  with  strain  amount  of  -0.9  %.  the  Jth  was  reduced  from  850  A/cm^  to  555 
A/cm2. 

3. 2.  Photoluminescence  property 

Photoluminescence  (PL)  spectra  from  GalnP  SSQW  active  layers  of  the  lasers  were 
evaluated  under  488-nm  Ar"^  laser  light  irradiation  with  a  power  of  2  mW  at  room 
temperature  after  removing  GalnP  cap  layers  by  chemical  etching. 

Figure  2  shows  the  PL  peak  intensity  as  a  function  of  PL  peak  wavelength  for 
as-grown  and  annealed  GalnP  SSQW  lasers.  The  PL  intensity  for  both  the  as-grown  and 
annealed  lasers  increased  with  lengthening  the  lasing  wavelength,  because  of  enhanced 
carrier  confinement  into  the  active  layer  (i.e.,  of  increased  heterobarriers).  The  PL 
intensity  for  the  annealed  lasers  was  several  times  larger  than  one  for  the  as-grown  lasers. 
This  probably  shows  that  nonradiative  recombination  components  at  the  interfaces 
between  the  active  and  the  cladding  layers  were  reduced  by  annealing. 

We  note  here  that  the  PL  intensity  for  longer-wavelength  (>  680  nm)  lasers 
increased  by  the  annealing  as  well  as  that  for  shorter-wavelength  lasers.  However,  J\h 


Fig.l  Threshold  current  density  (7th)  of  as- 
grown  and  annealed  GalnP  SSQW  lasers  as  a 
function  of  lasing  wavelength. 


PL  Peak  Wavelength  2  (nm) 


Fig.  2  Photoluminescence  (PL)  peak  intensity  as 
a  function  of  PL  peak  wavelength  for  as-grown 
and  annealed  GalnP  SSQW  lasers. 
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for  the  longer-wavelength  lasers  was  not  reduced  by  the  annealing  (see  Fig.l).  These 
results  suggest  that  the  increase  of  the  PL  intensity  is  not  a  main  factor  of  the  /th 
reduction  by  annealing. 

3.3.  Temperature  dependency  of  threshold  current  density 

Dependencies  of  Jth  on  heatsink  temperature  for  as-grown  and  annealed  633-nm  GalnP 
SSQW  lasers  with  strain  amount  of -0.9  %  are  shown  in  Fig.3,  where  the  cavity  length 
was  0.5  mm.  The  /th  value  of  annealed  lasers  was  lower  than  that  of  as-grown  lasers 
around  room  temperature,  and  the  room-temperature  characteristic  temperature  (Tb)  was 
improved  from  41  K  to  52  K  by  annealing.  On  the  other  hand,  in  the  low-temperature 
range  (<  200  K),  where  the  carrier  leakage  over  heterobarriers  can  be  negligible,  the  M 
values  for  both  as-grown  and  annealed  lasers  were  nearly  the  same. 

Note  that  for  short-wavelength  (~  633  nm)  lasers  with  insufficient  heterobarrier 
height,  the  carrier  leakage  over  heterobarriers  is  a  dominant  factor  of  rapid  increase  in  Jth 
at  high  temperature  range  (>  300  K)  [1].  Thus,  the  reduced  Jth  in  Fig.3  shows  that  the 
annealing  is  very  effective  in  suppressing  the  carrier  leakage  currents  in  the  Jth. 

3.4.  Diffusion  and  drift  leakage  currents 

In  this  section,  the  annealing  effect  on  leakage  current  reduction  in  GalnP  SSQW  lasers 
was  theoretically  investigated,  taking  diffusion  and  drift  leakage  currents  into 
consideration. 

The  total  electron  leakage  current  density  {Jl)  with  the  difl^sion  and  the  drift 
leakage  current  components  [2]  is  given  as  follows: 


Jl  =qD„No 


4z 


+ - 

2  P  2z 


(1) 


where,  q,  k  and  T  are  the  electronic  charge,  Boltzmann's  constant  and  the  absolute 
temperature,  respectively,  xp  is  the  p-cladding  layer  thickness,  and  Jn  is  the  minority 
electron  diffusion  length.  Dn  is  the  minority  electron  diffusion  coefficient.  No  is  the 
density  of  minority  electrons  at  the  edge  of  the  p-cladding  layer,  z  means  a  length 
characteristic  of  drift  leakage.  These  parameters  (Dn,  No,  z)  are  described  in  ref  [2]  in 
detail.  Other  parameters  used  in  this  investigation  are  summarized  in  Table  1 . 

p  carrier  density  of  Be-doped  AllnP  p-cladding  layers  was  measured  by  C-V 
method,  and  it  was  increased  from  1.7x101^  to  2.1x101^  cm’^  by  the  annealing.  By 
increase  of  p  carrier  density,  heterobarrier  height  on  p-cladding  layer  side  is  enhanced, 
and  electrical  conductivity  of  the  cladding  layer  increases.  In  this  case,  increase  of  the 
heterobarrier  height  of  6  meV  and  increase  of  the  electrical  conductivity  from  0.82  to  1.0 
(Q*cm)"f  were  estimated  from  the  increase  of  the  p  carrier  density. 

Taking  the  increased  heterobarrier  height  and  the  increased  electrical 
conductivity  into  account,  the  leakage  current  reduction  amount  by  the  annealing  effect 
was  calculated  using  Eq.(l).  Here,  the  effective  heterobarrier  height  (AE)  before 
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Table  1.  Parameters  used  in  calculation  of  leakage  currents. 


Parameter 

Value 

Minority  electron  mobility  in  AllnP  p-cladding  layer 

pn 

100  ctvJNs 

p  (hole)  carrier  density  in  AllnP  p-cladding  layer 

P 

1.7x10^8  cm-3 

(as-grown) 

2.1x1018  cm*3 

(annealed) 

Majority  hole  mobility  in  AllnP  p-cladding  layer 

MP 

3  cmWs 

Thickness  of  AllnP  p-cladding  layer 

Xp 

0.7  pm 

Minority  electron  diffusion  length  in  AllnP  p-cladding  layer 

Ln 

1  pm 

Density  of  states  X-electron  effective  mass  in  AllnP 

m  n 

0.6/wo 

annealing  were  estimated  for  as-grown  lasers  by  fitting  leakage  current  components  in 
the  experimental  Jth  values  to  Eq.(l). 

Figure  4  shows  the  reduction  amounts  of  the  leakage  current  density  {Jl) 
calculated  for  two  cases,  i.e.,  considering  both  the  diffusion  and  the  drift  leakage  and 
only  the  diffusion  leakage  as  a  function  of  lasing  wavelength,  respectively.  Reduction 
amounts  of  experimental  Jth  values  by  the  annealing  (see  Fig.l)  are  also  shown  in  Fig.4. 
The  calculated  reduction  amount  with  both  the  diffusion  and  the  drift  leakage  can  explain 
the  reduction  amounts  of  Jih,  while  the  calculation  with  only  the  diffusion  leakage  is  not 
sufficient  to  explain  the  Jth  reduction.  From  these  results,  we  concluded  that  the 
annealing  was  very  effective  in  suppressing  the  leakage  current,  especially  the  drift 
leakage  current,  due  to  increased  heterobarrier  height  and  increased  electrical 
conductivity  of  the  p-cladding  layers,  both  induced  by  the  increased  p  carrier  density. 


f  '  '  '  '  I  ^  '  '  •  [  '  ’  '  ■ 1  ■  ■  '  -T 

GalnP  SSQW  LD 
£  =-0.9% 
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100  200  300 
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Fig.  3  Dependencies  of  Jth  on  heatsink 
temperature  for  as-grown  and  annealed  633-nm 
GalnP  SSQW  lasers  with  strain  amount  of  -0.9  %. 


Fig.4  Calculated  reduction  amounts  of  leakage 
current  density  {Jl)  and  experimental  reduction 
amounts  of  Jth  by  annealing  for  GalnP  SSQW 
lasers  as  a  function  of  lasing  wavelength. 
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4.  Conclusion 

Annealing  effects  on  Jth  reduction  of  GalnP  SSQW  lasers  with  Be-doped  AllnP  p- 
cladding  layers  grown  by  GSMBE  were  systematically  investigated.  After  annealing  at 
550  oC  for  30  min,  remarkable  reduction  of  the  Jth  of  630-650nm  lasers  was  observed, 
accompanied  by  increased  p  carrier  density  of  p-cladding  layers.  The  Jth  of  633-nm 
lasers  was  reduced  from  850  A/cm^  to  555  A/cm^.  From  these  results  and  theoretical 
consideration  including  diffusion  and  dri  .1  leakage  currents  over  p-side  heterobarriers,  it 
was  concluded  that  the  annealing  was  very  effective  in  suppressing  electron  leakage 
currents,  especially  the  drift  leakage  current,  due  to  increased  heterobarrier  height  and 
increased  electrical  conductivity  of  the  p-cladding  layers,  both  induced  by  the  annealing. 
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Abstract:  ZnMgSSe  is  a  technologically  important  material  for  II- VI  lasers;  but  there  are 
unresolved  difficulties  in  growing  the  material  that  our  previous  papers  have  described. 
Compositional  drifting  in  ZnMgSSe  and  the  resulting  strain  can  have  a  detrimental  effect  on 
laser  lifetime.  By  experimentally  determining  the  temperature  dependance  of  the  sulfur 
incorporation,  we  suggest  that  the  drifting  is  partially  due  to  drift  in  the  substrate  temperature 
during  growth.  Improved  temperature  control  using  an  infrared  optical  pyrometer  corrected  for 
thin  film  interference  has  resulted  in  better  control  of  the  composition  of  the  ZnMgSSe  films. 
Single  peaked  X-ray  rocking  curves  of  ZnMgSSe  with  FWHM  of  24  arc  seconds  have  been 
obtained. 


1.  Introduction 

II- VI  semiconductor  lasers  have  received  much  attention  in  recent  years.  One  of  the  more 
significant  advances  has  been  the  introduction  of  the  ZnMgSSe  quaternary  alloy  [1].  This  alloy 
has  made  it  possible  to  design  and  build  pseudomorphic  lasers  with  separate  optical  and 
electrical  confinement.  It  was  this  design,  in  conjunction  with  Zn(Se,Te)  graded  contacts  to  p- 
ZnSe,  which  resulted  in  room  temperature,  CW  operation  of  II- VI  lasers  [2], [3].  However, 
these  devices  suffer  from  the  problem  of  short  lifetimes.  III-V  based  devices  demonstrated  the 
need  for  the  reduction  of  strain  for  successful  operation  [4].  Strain  from  lattice  mismatch  can 
help  to  form  dark  line  defects  which  drastically  shorten  the  lifetime  of  laser  devices.  Since  it  is 
likely  that  ZnMgSSe  will  be  an  integral  part  of  II- VI  laser  design,  it  is  essential  to  be  able  to 
accurately  control  the  composition  of  ZnMgSSe  to  insure  lattice  matching  to  the  GaAs 
substrate. 

Much  work  has  been  done  to  improve  the  quality  of  ZnMgSSe.  Electrically,  the 
problem  of  nitrogen  doping  in  ZnMgSSe  has  been  recently  addressed  by  Hall  and 
photoionization  cross-section  measurements  which  suggest  that  p-type  ZnMgSSe  exhibits  a 
behavior  similar  to  that  of  the  DX  center  in  n-type  AlGaAs  [5].  However,  less  attention  has 
been  given  to  the  issue  of  the  epitaxial  growth  of  the  quaternary.  Previously,  we  have  reported 
the  observation  of  multiple,  narrow  (10-30  arcseconds)  peaks  in  x-ray  rocking  curves  of 
ZnMgSSe,  such  as  the  one  in  Figure  (la),  which  can  be  explained  by  compositional  drifting 
[6].  Figure  (lb)  is  a  theoretical  x-ray  rocking  curve  where  the  experimental  x-ray  data  in 
Figure  (la)  was  iteratively  fit  using  a  computer  simulation  based  on  the  Takagi-Taupin 
equations;  the  predicted  drift  in  sulfur  fraction  is  shown  in  Figure  (3a).  The  problem  of 
compositional  drifting  provided  the  motivation  to  understand  what  factors  affect  the 
incorporation  of  each  element  into  the  ZnMgSSe  film,  and  detailed  examination  of  the  sulfur 
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Figure  1(a).  Experimentally  measured  x-ray  Figure  1(b).  Simulated  x-ray  rocking  curve 

rocking  curve  for  a  particular  sample.  assuming  the  sulfur  concentration  change 

verses  thickness  shown  in  figure  3a. 

incorporation  showed  substrate  temperature  fluctuations  to  be  a  likely  cause  for  much  of  the 
observed  drift  in  composition.  A  procedure  was  developed  to  precisely  monitor  and  control 
the  substrate  temperature  to  minimize  the  problem  of  compositional  drifting  in  ZnMgSSe. 

2.  Experimental  determination  of  sulfur  incorporation 

The  films  of  this  investigation  were  grown  in  a  Perkin  Elmer  430  MBE.  The  ZnMgSSe 
epilayers  were  grown  on  GaAs  homoepilayers  grown  in  a  separate  III-V  chamber  connected  to 
the  II- VI  chamber  by  an  ultra-high  vacuum  transfer  tube.  The  ZnMgSSe  was  grown  using 
Se(6N),  Mg,  and  ZnS(6N).  The  Mg  was  commercial  4N  purity  material  further  refined  by  a 
two-step  vacuum  distillation  process.  Substrate  temperatures  varied  from  230  to  310  C, 
monitored  by  an  infrared  optical  pyrometer.  In  order  to  measure  the  flux  from  each  source,  the 
chamber  is  equipped  with  a  quartz  crystal  microbalance. 

If  the  growth  rate  is  known  and  we  assume  the  epilayer  is  reasonably  stoichiometric, 
then  the  rate  of  cation  or  anion  incorporation  (Jjj^^.)  can  be  calculated. 

Jinc=4R/(a3) 

R  is  the  growth  rate  and  a  is  the  lattice  constant.  Growth  rate  was  measured  by  TEM,  SEM, 
selective  etching,  or  by  pyrometer  oscillations  [7], [8].  We  define  the  fraction  of  the  sulfur  flux 
that  is  incorporated  as  K^;  the  sticking  coefficient. 

^s^'^inc^^^zns 

is  the  ZnS  flux  measured  by  the  quartz  crystal  microbalance.  The  sulfur  fraction  is  x  and 
has  been  found  by  either  x-ray  diffraction  (ZnSSe  films  only)  or  electron  microprobe.  Sulfur 
sticking  coefficients  were  calculated  for  23  ZnMgSSe  and  14  ZnSSe  epilayers  grown  under 
similar  conditions  (on  the  anion  rich  side  of  the  transition  between  cation  and  anion  stabilized 
growth  as  determined  by  RHEED).  The  sulfur  sticking  coefficient  is  plotted  verses  substrate 
temperature  in  Figure  (2);  the  line  is  a  guide  for  the  eye.  (We  did  not  include  those  epilayers 
that  were  grown  under  highly  Zn  rich  conditions  in  order  to  enhance  the  sulfur  incorporation.) 
The  scatter  in  the  data  is  from  three  sources.  One  can  expect  normal  errors  in  growth  rate 
determination,  etc.  Also,  in  the  past  there  were  significant  fluctuations  in  growth  temperature 
before  we  improved  our  technique,  so  the  temperature  is  only  an  approximate  average  for  some 
growths.  Finally,  there  is  the  fact  that  the  quartz  crystal  microbalance  is  not  exactly  in  the  same 
location  as  the  substrate  growth  position.  Because  the  flux  patterns  from  the  ovens  change 
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with  time  as  the  ovens  are  used  and  recharged,  the  measured  flux  will  not  always  be  the  same 
as  the  flux  at  the  exact  growth  position.  Even  with  the  scatter,  the  data  shows  a  clear  trend.  As 
the  growth  temperature  drops  from  300  to  260  “C,  the  sulfur  sticking  coefficient  increases  by  a 
factor  of  2  from  0.05  to  0.1.  From  260  to  230  “C,  the  sticking  coefficient  increases  by  another 
factor  of  2  from  0. 1  to  0.2.  From  this  data,  a  5  “C  change  in  substrate  temperature  will  result 
in  about  a  10%  change  in  both  the  sulfur  sticking  coefficient  and  the  sulfur  fraction  because  Zn, 
Mg,  and  Se  do  not  have  as  large  a  variation  in  sticking  coefficients  for  such  small  changes  in 
temperature. 

3.  Temperature  control 

A  standard  thermocouple  based  temperature  controller  may  not  be  sufficient  to  keep  the 
substrate  temperature  constant.  On  the  Perkin  Elmer  430  system,  the  thermocouple  is  simply 
pressed  against  the  back  of  the  substrate  holder.  This  does  not  make  consistent  contact, 
especially  when  the  substrate  is  rotating  to  ensure  spatially  uniform  quaternary  film  growth. 
Another  serious  problem  comes  from  direct  heating  of  the  unshielded  thermocouple  by  the 
heating  element.  As  the  heating  element  radiates  power  to  the  substrate  holder,  the 
thermocouple  also  is  heated,  resulting  in  false  readings.  Optical  pyrometry  can  be  used  to 
avoid  these  problems.  However,  there  is  a  complication  to  using  an  infrared  optical  pyrometer 
which  comes  from  the  interference  between  the  light  reflected  from  the  substrate/epilayer 
interface  and  light  reflected  from  epilayer/vacuum  interface  which  causes  an  oscillation  in 
pyrometer  readings  which  have  been  observed  in  all  films  that  we  have  grown: 
ZnSe,ZnSSe,ZnMgSSe,ZnCdSe,  and  ZnTe.  Other  groups  have  used  this  effect  to  measure 
growth  rate  once  the  index  of  refraction  is  known  [7], [8].  We  have  had  to  quantitatively 
predict  these  oscillations  in  order  to  accurately  control  the  substrate  temperature  because  of  their 
large  amplitude  (approximately  14  ’C  peak  to  peak  at  a  growth  temperature  of  260  °C).  The 
reason  for  this  large  oscillation  is  the  large  difference  in  refractive  index  between  GaAs  and 
ZnMgSSe  which  creates  a  large  reflection  at  the  epilayer/substrate  interface.  (The  refractive 
index  for  GaAs  is  about  3.3  in  the  2.0  to  2.6  pm  wavelength  range  used  by  the  pyrometer, 
where  ZnSe  and  related  materials  have  a  refractive  index  of  about  2.3.) 

The  problem  of  analysing  the  thin  film  interference  from  a  single  layer  sandwiched 
between  two  layers  of  material  of  differing  index  of  refraction  can  be  solved  using  classical 
optics  almost  identical  to  that  of  the  Fabry- Perot  interferometer  problem  [9].  The  optical  power 
transmission  (t)  as  a  function  of  epilayer  thickness  (d)  is  expressed  by  the  formula: 


Figure  2.  Sulfur  sticking  coefficient  as  a  function  of  temperature. 
(O)  are  ZnMgSSe  growths,  (X)  are  ZnSSe  growths. 
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t(d)=(  1  -ri  2)  ( 1  -r2^)/(  1  +r  i  ^r2^+2r  j  r2Cos  (47i:n2dA))  ( 1 ) 

where  =  (ni-n2)/(ni+n2)  and  r2  =  (n2-l)/(n2+l) 

The  refractive  index  of  the  substrate  is  n^  and  n2  is  the  refractive  index  of  the  epilayer.  The 
wavelength  is  X.  In  order  to  use  this  information  to  predict  the  oscillation,  we  must  translate 
the  optical  intensity  to  a  temperature  reading.  The  pyrometer  uses  a  relationship  between  the 
temperature  (T)  and  the  measured  optical  power  (I)  which  can  be  expressed  as: 

I  a  exp  (-CAT)  (2) 

where  C  is  a  constant  equal  to  14388  pm*K.  By  taking  the  ratio  of  optical  power  evaluated  at 
two  different  thicknesses,  where  the  real  temperature  is  the  same  but  the  measured  optical 
powers  are  different,  the  proportionality  is  removed  from  Eq.2  yielding  in  a  exact  equation. 

11/12  =  tl/t2  =  exp[-CA(l/ri-lA2)]  (3) 


The  ratio  of  11/12  is  the  ratio  of  the  optical  transmissions  expressed  in  Eq.l.  If  T1  is  the 
pyrometer  reading  at  the  start  of  the  film  growth  before  thin  film  interference  is  a  problem  and 
T2  is  the  pyrometer  reading  at  some  point  in  the  film  growth,  this  formula  can  predict  the 
pyrometer  readings  for  a  constant  growth  temperature  by  fixing  T1  and  solving  for  T2,  The 
real  growth  temperature  can  be  calculated  by  letting  T2  be  the  pyrometer  reading  and  solving 
for  Tl,  the  pyrometer  reading  without  thin  film  interference. 

The  aforementioned  model  is  not  complete  in  that  the  experimental  pyrometer  readings 
show  damped  oscillations.  The  infrared  radiation  measured  by  the  pyrometer  has  much  less 
energy  than  the  bandgap  of  the  epilayer  or  the  substrate,  so  the  damping  is  not  attributed  to 
absorption  by  the  semiconductor.  The  reason  for  the  damped  oscillations  is  that  the  pyrometer 
used  in  this  experiment  does  not  select  a  single  wavelength,  but  passes  a  finite  band  extending 
from  2.0  |im  to  2.6  |J.m.  After  integrating  the  optical  transmission  over  the  band  of 
wavelengths  and  then  calculating  the  temperature  reading,  the  theoretical  result  does  indeed 
exhibit  damping  due  to  the  phase  difference  of  each  wavelength  resulting  in  a  cancellation  of 
the  oscillation  as  the  film  grows  thicker.  The  actual  rate  of  damping  depends  on  the  spectral 
response  of  the  pyrometer.  Experimental  observations  of  the  damping  of  pyrometer 
oscillations  were  used  to  estimate  the  spectral  response. 

Figure  (3a)  shows  the  sulfur  fraction  as  a  function  of  film  thickness  determined  by  the 
x-ray  simulation  for  the  ZnMgSSe  film  discussed  in  the  introduction  (Fig.  la,b).  For  the  same 
epilayer,  the  reconstructed  growth  temperature,  calculated  using  the  pyrometer  oscillation 
model,  is  plotted  in  Figure  (3b).  The  sulfur  sticking  coefficient  using  the  x-ray  simulation  data 
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Figure  3(a).  Sulfur  concentration  profile  used 
to  obtain  figure  1(b). 


Figure  3(b).  Growth  temperature  profile  of 
the  sample  in  figure  1 . 
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Figure  4.  Experimentally  measured  x-ray  rocking  curve  of  a  ZnMgSSe 
film  growth  with  improved  temperature  control. 

is  .12  at  265  degrees  and  .145  at  250  degrees,  which  is  in  agreement  with  the  data  presented  in 
Figure  (2). 

We  have  also  applied  the  pyrometer  oscillation  model  to  a  film  growth  to  confirm  that 
improved  temperature  control  can  result  in  constant  epilayer  composition.  Figure  (4)  is  a  plot 
of  the  four  crystal  x-ray  diffraction  rocking  curve  of  a  growth  with  the  improved  temperature 
control.  The  FWHM  is  24  arcseconds  and  there  is  only  one  peak,  consistent  with  constant 
composition. 

It  is  possible  to  anticipate  the  two  main  processes  that  change  the  amount  of  power 
needed  to  maintain  constant  temperature.  The  substrate  temperature  change  due  to  changes  in 
background  temperature  can  be  a  major  factor  in  growth  using  a  compound  ZnS  source.  For 
example,  in  the  Perkin  Elmer  MBE,  when  the  film  is  not  being  grown,  the  substrate  holder  is 
lowered  out  of  the  flux  path  of  the  ovens;  the  background  temperature  is  the  temperature  of  the 
liquid  nitrogen  cryoshrouds.  When  the  substrate  holder  is  raised  into  the  flux  paths,  the 
approximately  900  “C  ZnS  source  presents  a  much  hotter  background  which  can  cause  a  10  °C 
rise  in  substrate  temperature  over  a  5  to  10  minute  period.  Therefore,  we  must  initially  drop 
the  substrate  heater  power  upon  nucleation  of  the  film.  Also,  deposition  of  the  first  micron  of 
the  film  raises  the  emissivity  of  the  substrate  holder  so  that  more  power  is  needed  to  maintain  a 
constant  temperature.  Because  the  emissivity  change  from  a  totally  uncoated  to  a  coated 
substrate  holder  is  very  significant,  the  GaAs  homoepilayer  is  at  least  1  jim  thick  to  minimize 
the  change  in  the  emissivity  of  the  substrate  holder  during  the  II- VI  film  growth. 

Variation  in  substrate  temperature  is  not  the  only  cause  of  sulfur  drifting.  As  mentioned 
earlier  in  reference  to  the  flux  measurements,  the  flux  sources  are  not  perfectly  stable.  There 
will  be  some  drift  in  the  flux  from  the  ZnS  oven  with  time  that  will  affect  the  film’s 
composition.  However,  this  effect  is  less  severe  than  the  observed  drifting  due  to  substrate 
temperature  fluctuations. 


4.  Conclusions 

The  technological  importance  of  ZnMgSSe  mandates  that  more  effort  be  expended  to  optimize 
the  quality  of  the  material.  We  have  described  a  means  to  experimentally  determine  the  sticking 
coefficients  of  the  elements  as  a  function  of  growth  parameters.  These  results  suggested  that 
proper  substrate  temperature  control  is  crucial  for  accurate  sulfur  composition  in  ZnMgSSe.  In 
order  to  improve  temperature  control,  we  have  calculated  the  effect  of  thin  film  interference  on 
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optical  pyrometer  readings  to  allow  the  pyrometers  use  in  accurate  substrate  temperature 
control.  A  useful  side  benefit  is  that  the  growth  rate  can  be  estimated  from  the  pyrometer 
oscillation  period.  The  pyrometer  oscillation  model  was  used  to  analyze  a  film  to 
independently  confirm  the  temperature  dependance  of  the  sulfur  sticking  coefficient.  The 
improved  temperature  control  was  used  to  grow  a  2  |j.m  thick  ZnMgSSe  epilayer  with  constant 
composition  indicated  by  x-ray  diffraction  rocking  curves  with  FWHM  of  24  arcseconds. 
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Abstract:  The  nature  and  origin  of  the  nonluminescent  dark  defects  responsible  for  the  current 
rapid  degradation  of  II-VI  blue-green  laser  diodes  based  on  the  ZnCdSe/ZnSSe/ZnMgSSe 
pseudomorphic  separate  confinement  heteroslructure  have  been  examined  by  transmission 
electron  microscopy.  The  dark  defects  observed  in  the  laser  stripe  region  by  electroluminescence 
microscopy  have  been  identified  to  be  dislocation  networks  developed  at  the  quantum  well 
region.  The  dislocation  networks  have  been  observed  to  be  nucleated  at  dislocations  originating 
from  pairs  of  V-shaped  stacking  faults  which  are  nucleated  at  or  near  the  II-VI/GaAs  interface. 


1.  Introduction 

The  development  of  blue- green  lasers  and  light  emitting  diodes  based  on  II-VI  wide  bandgap 
semiconductor  quantum  well  structures  received  much  attention  due  to  their  potential 
application  in  the  areas  including  high  density  optical  data  storage  and  high  brightness  visual 
displays.  Since  the  first  blue-green  lasers  and  light  emitting  diodes  based  on  wide  band  gap  II- 
VI  semiconductor  materials  grown  by  molecular  beam  epitaxy  (MBE)  were  realized  in  1991  [1- 
3],  progress  has  been  made  in  obtaining  low  threshold  current  and  voltage,  high  output  power 
and  long  lifetime.  Brief  continuous-wave  (  CW )  laser  operation  at  room  temperature  has  been 
reported  for  laser  diodes  based  on  the  ZnCdSe/ZnSSe/ZnMgSSe  separate  confinement 
heterostructure  (SCH)  configuration  and  using  the  Zn  (Se,  Te)  graded  contact  [4-6]. 

Understanding  and  subsequently  eliminating  the  device  degradation  is  an  important  task 
to  further  extend  the  device  lifetime  and  make  practical  devices.  Guha  et  al  [7]  were  the  first 
to  report  structural  studies  of  degradation  of  blue-green  light  emitting  devices  based  on  the 
ZnCdSe/ZnSSe  single  confinement  structure,  although  not  operating  as  a  laser.  We 
previously  reported  our  preliminary  results  of  the  microstructural  study  of  a  particular 
degraded  gain-guided  laser  diode  based  on  the  ZnCdSe/ZnSSe/ZnMgSSe  pseudomorphic 
SCH  structure  carried  out  by  transmission  electron  microscopy  (TEM)  [8,  9].  In  this  paper, 
we  describe  our  study  on  the  degradation  process,  and  the  nature  as  well  as  the  origin  of  the 
degradation  dark  defects  in  II-VI  blue-green  laser  diodes  based  on  the 
ZnCdSe/ZnSSe/ZnMgSSe  pseudomorphic  SCH  structures.  Nonluminescent  dark  defects 
observed  in  the  laser  stripe  region  have  been  identified  to  be  patches  of  a  dislocation  network 
developed  at  the  active  quantum  well  (QW)  region.  By  using  TEM  stereo  microscopy,  it  has 
been  found  that  the  dislocation  networks  are  nucleated  at  dislocations  originating  from  pairs  of 
V-shaped  stacking  faults,  which  are  nucleated  at  or  near  the  II-VI/GaAs  interface. 
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Fig.  1:  Configuration  of  the  gain-guided  laser  diodes  mainly  employed  in  this  study. 


2.  Experimental  procedures  and  results 

Results  described  in  this  paper  are  mainly  from  gain-guided  laser  diodes  which  were 
fabricated  from  one  particular  three  quantum  well  ZnCdSe/ZnSSe/ZnMgSSe  pseudomorphic 
SCH  structure,  as  shown  in  Fig.l.  Transparent  indium-tin-oxide  (ITO)  contacting  material 
was  deposited  as  the  contact  for  the  20  pm  wide  and  1  mm  long  laser  stripe  of  each  laser 
diode.  For  degradation,  the  laser  diodes  were  kept  at  a  voltage  of  typically  10  -  15  V  with  a 
duty  cycle  of  4%.  The  voltages  were  chosen  to  be  just  above  the  threshold  for  lasing  in  the 
beginning  of  the  tests.  (The  high  threshold  voltages  were  due  to  higher  contact  resistance  of 
the  ITO  contacting  material  compared  to  the  conventional  metal  contact.)  The  injected  current 
was  estimated  to  be  1.5  -  2  kA/cm^.  The  devices  lased  typically  for  a  few  seconds  at  the 
beginning  of  the  tests.  Formation  of  triangular  nonluminescent  dark  defects  in  the  laser  stripe 
region  was  observed  by  in  situ  EL  microscopy  performed  through  the  transparent  ITO 
contacting  material.  Figure  2  shows  two  typical  triangular  dark  defects  observed.  As  the 
triangular  dark  defects  grew,  they  remained  well  bounded  along  two  directions,  forming  two 
sharp  edges  as  shown  in  Fig.  2. 

Following  degradation,  the  microstructure  of  one  particular  degraded  diode  was  studied 
using  plan- view  TEM  in  a  JEOL  2000  EX  transmission  electron  microscope  at  200  kV.  The 
TEM  sample  was  prepared  by  ion-milling  the  device  from  both  the  top  and  the  bottom  sides. 
Details  about  the  sample  preparation  and  TEM  plan-view  observation  can  be  found  in  our 
previous  paper  [9].  Areas  that  are  away  from  the  laser  stripe  region,  and  therefore  are  non- 
degraded,  were  investigated  first.  Pairs  of  V-shaped  stacking  faults  and  associated  threading 
dislocations  were  observed  as  the  most  commonly  observed  type  of  defects  present  in  the 
structure.  This  type  of  complex  of  defects  will  be  described  in  more  detail  later.  In  the 
degraded  laser  stripe  region,  patches  of  dislocation  networks  were  observed. 

Figure  3  is  a  representative  TEM  bright  field  image  under  normal  two-beam  condition 
showing  a  part  of  such  a  dislocation  network.  Weak-beam  imaging  indicated  that  the  network 
consists  mainly  of  dislocation  dipoles  elongated  primarily  along  two  directions  [9].  It  is  quite 
evident  that  the  directions  along  which  the  dipoles  extend  coincide  with  those  of  the  fine  dark 
features  observed  in  Fig.  2.  It  is  not  clear  at  present  whether  the  dipoles  are  of  the  interstitial 


Fig.  4:  Bright-field  image  showing  two  patches  of  dislocation  networks  (D1  and  D2),  which  are  nucleated  at 
threading  dislocations  (T1  and  T2)  originating  at  a  pair  of  V-shaped  stacking  faults  (S 1  and  S2). 


type  or  of  the  vacancy  type.  Three  nearly  vertical  dark  bands  are  seen  in  the  right  part  of 
Fig.3.  They  have  been  identified  to  be  the  edges  of  the  three  QWs  in  the  wedge  shaped  plan- 
view  TEM  sample.  Only  the  area  on  the  left  of  the  dark  bands  includes  the  QWs.  It  is 
apparent  that  the  dislocation  network  starts  to  show  at  the  edges  of  the  QWs,  which  indicates 
that  the  network  is  localized  at  the  QW  region. 

Figures  4  is  a  bright  field  image  showing  the  ends  of  two  patches  of  dislocation  networks 
(  marked  D1  and  D2).  D1  is  the  end  of  the  same  dislocation  network  as  is  shown  in  Fig.  3, 
while  D2  is  the  end  of  another  dislocation  network.  The  two  patches  of  dislocation  networks 
are  much  denser  at  the  end  area,  and  they  are  well  bounded  along  two  directions,  which  are 
nearly  the  [340]  and  [340]  directions.  Dislocation  networks  bounded  along  nearly  the  [430] 
and  [430]  directions  have  also  been  observed.  These  directions  are  in  agreement  with  the  two 
initial  sharp  edges  of  the  triangular  dark  defects  observed  by  EL  microscopy.  (As  can  be  seen 
in  Fig.  2,  as  the  dark  defects  grew,  the  angle  between  the  two  sharp  edges  bounding  the 
triangular  dark  defects  were  slightly  decreased.)  We  identify  the  dislocation  networks  with  the 
triangular  dark  defects  observed  in  our  EL  microscopy. 

It  is  observed  in  Fig.  4  that  each  of  the  two  dislocation  networks  originates  from  a 
dislocation  (marked  T1  or  T2)  which  in  turn  starts  from  a  pair  of  V-shaped  stacking  faults  (S 1 
and  S2).  The  contrast  from  the  two  stacking  faults  is  absent  due  to  the  diffraction  condition, 
while  the  partial  dislocations  bounding  them  are  clearly  observed  [9].  As  mentioned  before, 
this  type  of  defect  complex,  consisting  of  a  pair  of  V-shaped  stacking  faults  together  with 
associated  threading  dislocations,  is  the  most  commonly  observed  defect  present  in  the  device 
structure  (including  the  non-degraded  areas  that  are  as  far  away  from  the  laser  stripe  as  0.25 
mm).  Figure  5  shows  such  a  defect  complex  observed  in  the  non-degraded  area;  the  defect 
complexes  are  therefore  believed  to  represent  defects  formed  during  the  MBE  growth.  The 
density  of  these  defects  is  estimated  to  be  in  the  middle  lO^/cm^  range. 
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Fig.  5:  Bright-field  image  showing  a  defect  complex  observed  in  the  non-degraded  area. 


The  three-dimensional  arrangement  of  the  defects  shown  in  Fig.  4  has  been  investigated 
by  using  TEM  stereo  microscopy  [9].  The  result  is  schematically  shown  in  Fig.  6.  The  two 
patches  of  dislocation  networks  reside  at  the  QW  region,  as  mentioned  before.  The  two 
stacking  faults  appear  to  begin  at  or  near  the  II-VI/GaAs  interface  and  end  at  the  n-ZnSSe/  n- 
ZnMgSSe  interface.  The  two  Shockley  partial  dislocations  bounding  each  of  the  stacking 
faults  unite  at  the  n-ZnSSe  /  n-ZnMgSSe  interface  to  form  a  perfect  (or  narrowly  dissociated) 
dislocation  having  the  Burgers  vector  b=l/2[110]  and  threading  upwards.  When  the 
dislocation  reaches  the  QW  region,  as  can  be  seen  in  Fig.  4  (and  also  in  Fig.  5),  it  appears  that 
the  dislocation  starts  to  dissociate  widely  again,  resulting  in  formation  of  a  small  stacking  fault 
starting  at  that  region.  The  defect  finally  becomes  a  dislocation  half-loop  at  or  near  the  p- 
ZnMgSSe/p-ZnSSe  interface,  and  threads  upwards.  The  detailed  dislocation  reaction  near  the 
p-ZnMgSSe/p-ZnSSe  interface  is  not  clear  at  present. 

Our  TEM  microstructural  study  performed  on  other  degraded  laser  diodes  which  were 
fabricated  from  another  particular  ZnCdSe/ZnSSe/ZnMgSSe  SCH  configuration  also  revealed 
that  pairs  of  stacking  faults  nucleated  at  or  near  the  II-VI/GaAs  interface  can  be  the  nucleation 
source  for  dark  defects.  In  that  particular  SCH  structure,  while  the  stacking  faults  ended  at  the 
n-ZnSSe/  n-ZnMgSSe  interface,  two  separate  dislocations  have  been  observed  to  be  generated 
from  each  stacking  fault  and  to  thread  upwards,  causing  nucleation  of  dark  defects  at  the 
quantum  well  region. 


3.  Conclusions 

In  summary,  we  have  carried  out  degradation  studies  of  blue-green  laser  diodes  fabricated 
from  the  ZnCdSe/ZnSSe/ZnMgSSe  SCH  structures.  Nonluminescent  dark  defects  observed 
by  EL  microscopy  in  the  laser  stripe  region  have  been  identified  to  be  patches  of  dislocation 
networks  developed  at  the  QW  region.  Complexes  of  defects  starting  from  a  pair  of  V-shaped 
stacking  faults  which  are  nucleated  at  or  near  the  II-VI/GaAs  interface  have  been  observed  as 
the  most  commonly  observed  defects  present  randomly  throughout  the  SCH  laser  structures 
including  non-degraded  areas.  These  defect  complexes  are  believed  to  represent  defects 
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Fig.6:  TEM  stereo  microscopy  determined  three-dimensional  arrangement  of  the  defects  shown  in  Fig.  4. 


formed  during  the  MBE  growth.  The  dislocation  networks  have  been  observed  to  be 
nucleated  at  such  complexes  of  defects.  The  results  suggest  the  importance  of  eliminating 
point  defects  as  well  as  stacking  faults  and  dislocations  in  the  laser  structures.  Subsequent 
structures  having  modified  growth  of  the  quantum  well  region  (primarily  higher  growth 
temperature  to  reduce  point  defects)  exhibited  a  reduced  tendency  for  the  generation  of  dark 
defects,  and  resulted  in  the  room  temperature  CW  operation  cited  above  [5,  6]. 
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Abstract.  Photoluminescence  (PL)  of  GaN  layers  grown  on  6H-SiC  substrates 
was  investigated  in  the  temperature  range  77  -  900  K.  The  edge  luminescence 
was  dominant  in  the  PL  spectrum  throughout  the  entire  temperature  range.  The 
temperature  dependence  of  the  GaN  exitonic  band  gap  was  measured.  The  edge 
cavity  stimulated  emission  from  photopumped  GaN  layers  was  observed  in  the 
temperature  rangb  77  -  450  K.  It  is  the  first  observation  of  stimulated  emission 
from  any  A^N  material  above  300  K.  The  full  width  at  half  maximum  (FWHM) 
of  the  stimulated  emission  peak  was  ~  7  nm  at  450  K.  Multipass  stimulated 
emission  with  Fabry-Perot  modes  was  observed  from  GaN  for  the  first  time.  The 
FWHM  of  Fabry-Perot  modes  was  -0.2  nm  (300  K).  We  believe  that  micro¬ 
cracks  created  during  the  cleaving  of  the  samples  served  as  the  Fabry-Perot  cavity 
mirrors. 


1.  Introduction 

The  optical  properties  of  GaN  and  its  solid  solutions  with  other  nitrides  is  currently  being 
investigated  in  many  laboratories  for  application  in  electro-optical  devices  such  as  light 
emitting  diodes  and  lasers.  Stimulated  emission  from  photopumped  GaN  and  InGaN  films 
(about  1  micron  thick)  grown  on  sapphire  substrate  has  been  reported  for  77  K  and  300  K  [1- 
7].  SiC  is  a  promising  substrate  for  A^N  films  because  of  its  smaller  lattice  mismatch  and 
high  electrical  conductivity  [8-10].  In  this  paper  we  report  the  first  observation  of  stimulated 
emission  from  a  photopumped  GaN  layer  grown  on  a  SiC  substrate. 
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2.  Experiment 

We  investigated  photoluminescence  properties  of  GaN  layers  grown  on  6H-SiC  wafers.  GaN 
layers  about  1  micron  thick  were  grown  epitaxially  on  the  (OOOl)Si  face.  The  PL 
experiments  were  performed  using  a  nitrogen  laser  (wavelength  -337.1  nm)  with  a  peak 
power  of  2  kW.  The  pulse  duration  was  about  10  ns  and  repetition  rate  was  up  to  100  Hz. 
Samples  were  cleaved  with  a  size  of  approximately  5x2  mm.  The  laser  beam  was  focused 
on  the  sample  surface  yielding  a  pump  density  around  10  MW/cm^  (laser  beam  diameter  was 
about  100  microns).  The  angle  of  excitation  on  the  sample  face  was  -90°.  Emission  spectra 
were  detected  in  a  direction  perpendicular  to  the  exciting  beam  (edge  emission  mode).  The 
emission  spectra  was  measured  by  a  0.6  m  monochromator  MDR-23  using  a  photo  multiplier 
connected  with  dc  digital  voltmeter.  The  experiments  were  carried  out  in  the  temperature 
range  from  77  K  to  900  K. 

3.  Results 

Generally  PL  spectra  from  GaN  grown  on  SiC  consisted  of  two  main  peaks:  (1)  an  edge  peak 
assigned  to  a  bound  exciton  (wavelength  of  -  364  nm  at  300  K),  and  (2)  the  so  called 
"defect"  peak  at  -550  nm.  In  the  entire  temperature  range  77  -  900  K  the  edge  peak 
dominates  the  spectrum  (Fig.  1).  At  300  K,  the  FWHM  of  the  edge  peak  was  -  30  meV. 
From  this  data,  the  temperature  dependence  of  the  exciton  band  gap  was  determined:  E(eV)  = 
3.56  -  5.6-10-4-T  (Fig.  2).  The  GaN  optical  energy  gap  data  measured  by  optical  absorption 
by  Leszczynski  et  al.  [1 1]  is  also  presented  in  Fig.  2. 


Figure  1.  PL  spectrum  of  GaN  layers  grown  on  SiC. 
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Figure  2.  Temperature  dependence  of  the  excitonic  band  gap  of  GaN  (1)  and  stimulated 
emission  from  GaN  (2)  grown  on  SiC,  and  optical  energy  gap  (3)  measured  by 
optical  absorption  for  GaN  grown  on  sapphire  [11]. 

Room  temperature  PL  spectra  of  cleaved  samples  for  various  excitation  levels  are 
shown  in  Fig.  3.  The  PL  output  power  at  a  peak  wavelength  of  ~  374  nm  rose  non-linearly 
with  increasing  laser  excitation  density  (Fig.  4).  Narrowing  of  the  peak  and  its  shift  to  lower 
photon  energy  were  also  observed.  The  minimum  FWHM  of  the  peak  was  ~  3  nm.  These 
features  of  the  PL  spectra  are  identical  to  features  of  stimulatied  emission  observed  from 
photopumped  GaN  grown  on  sapphire  [1]. 

Stimulated  emission  from  cleaved  GaN  samples  was  observed  in  the  temperature 
range  from  77  to  450  K  (Fig.  2).  The  stimulated  emission  peak  at  various  temperatures  is 
shown  in  Fig.  5.  At  77  K,  stimulated  emission  was  observed  at  a  wavelength  of  364  nm.  The 
intensity  of  the  peak  was  about  ten  times  higher  than  that  at  300  K.  At  450  K,  the  stimulated 
emission  peak  wavelength  was  ~  386  nm.  The  FWHM  of  the  peak  was  in  the  range  of  7-  9 
nm  with  an  intensity  approximately  one  order  of  magnitude  lower  than  at  room  temperature. 
A  very  weak  peak  was  detected  at  520  K  with  a  wavelength  of  ~  395  nm  and  a  FWHM  equal 
to  ~  1 8  nm. 

We  also  observed  stimulated  emission  with  Fabry-Perot  cavity  modes  (Fig.  6).  The 
FWHM  of  the  Fabry-Perot  modes  were  0.2  -  0.5  nm  and  the  distance  between  the  fingers  was 
~  0.7  nm  (300  K).  The  cavity  length  was  estimated  from: 


'2n{Xm  +  1  —  Xm) 


Wavelength,  nm 


Pump  Intensity,  MW/cm 


■e  3.  Room  temperature  PL  spectra  Figure  4.  Dependence  of  stimulated  emission 
at  various  excitation  intensities.  signal  on  the  pump  power  density  (300  K) 
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Figure  5.  The  stimulated  emission  peak  at  various  temperature. 
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Figure  6.  Multipass  stimulated  emission  signal  with  Fabry-Perot  cavity  modes 
at  two  different  pump  densities  (300  K). 

where  Xm,  ^m+l  the  wavelengths  of  neighbor  Fabry-Perot  fingers,  n  is  the  refractive 
index,  and  Xq  is  the  wavelength  of  the  main  emission  peak.  According  to  these  calculations, 
L  equals  0.03  -  0.04  mm.  This  value  is  much  smaller  than  the  sample  size.  Optical 
microscopy  shows  that  the  sample  had  micro  cracks  produced  by  cleaving.  These  cracks  are 
parallel  and  the  distance  between  cracks  is  20  -  50  microns  (Fig.  7).  We  believe  that  these 
cracks  serve  as  cavity  mirrors  and  generate  the  Fabry-Perot  modes. 


4  leKU  }{1.800  10Nm  UD20 


Figure  7.  Photomicrograph  of  the  cleaved  GaN  sample  with  cracks. 
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Estimation  of  the  optical  gain  in  the  sample  with  a  cavity  was  done  in  the  same 
manner  as  that  described  by  Hakki  and  Paoli  [12].  The  calculated  net  gain  at  threshold 
pumping  is  100  cm‘k  Estimation  of  the  cavity  quality  in  this  case  yields  a  Q  of  1800. 

4.  Summary 

Photoluminescence  of  GaN  grown  on  6H-SiC  substrates  was  investigated  in  the  temperature 
range  from  77  to  900  K.  The  temperature  dependence  of  the  excitonic  band  gap  of  GaN  was 
measured  for  the  entire  temperature  range.  Stimulated  emission  from  photopumped  GaN 
layers  was  observed  up  to  450  K.  It  is  the  first  observation  of  stimulated  emission  from  GaN 
at  a  temperature  higher  than  300  K.  The  wavelength  and  FWHM  of  the  stimulated  emission 
peak  were  364  nm  and  2  nm  at  77  K;  374  nm  and  3  nm  at  300  K;  and  386  nm  and  7  -  9  nm  at 
450  K,  respectively. 

Fabry-Perot  cavity  modes  were  observed  in  stimulated  emission  from  GaN  for  the 
first  time.  The  minimum  estimated  optical  gain  of  the  cavity  was  about  100  cm'^  with  a  Q  of 
1800.  The  FWHM  of  the  Fabry-Perot  modes  was  ~  0.2  nm  corresponding  to  a  cavity  length 
of  0.03  -  0.04  mm.  It  is  speculated  that  micro  cracks  produced  during  sample  cleaving 
serve  as  cavity  mirrors. 
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Abstract.  We  review  the  state  of  the  art  in  design  and  fabrication  of  high  speed  semiconductor 
lasers  and  photodetectors.  For  high  speed  operation,  semiconductor  lasers  are  designed  for  large 
differential  gain,  minimal  carrier  transport  time,  low  device  parasitics  and  optimum  microwave 
signal  transmission.  We  will  present  data  on  narrowband  millimeter  wave  optical  link  at  35  GHz 
operating  at  1.3  jim  wavelength  and  a  wideband  cryogenic  optical  link  with  30  GHz  bandwidth 
operating  at  1.55  pm.  Conventional  p-i-n  photodetectors  with  larger  than  100  GHz  bandwidth 
are  reviewed.  An  improvement  over  this  is  a  traveling-wave  geometry  which  is  impedance- 
matched  for  increased  bandwidth  and  bandwidth-efficiency  product  over  a  lumped-element  design. 
Bandwidths  higher  than  170  GHz  at  an  efficiency  of  42%  have  been  measured  in  tliese  devices. 


1.  Introduction 

High  speed  optoelectronic  devices  are  essential  components  in  the  modem  optical  fiber 
communication  systems,  which  are  operating  at  increasing  bit  rates.  Recently,  an  optical  fiber 
transmission  system  using  the  NRZ  (non-return  to  zero)  format  at  160  GBit/s  (eight  channel 
wavelength  division  multiplexed,  with  each  channel  at  20  GBit/s)  has  been  demonstrated  [1]. 
Another  advancement  in  the  transmission  system  technology  is  the  use  of  optical  solitons. 
Due  to  their  unique  properties,  these  soliton  systems  are  capable  of  error-free  transmission 
over  unlimited  distances  [2].  Many  of  these  systems  are  also  being  applied  to  solve  the  speed 
bottlenecks  in  short  haul  interconnections  between  high  speed  computing  elements  and  control 
processes. 

The  integral  part  of  all  these  high  speed  fiber  optic  links  are  the  lasers,  photodetectors, 
modulators,  multiplexers,  demultiplexers  and  switches.  In  this  paper,  we  will  review  research 
in  high  speed  lasers  and  photodetectors. 

2.  High  Speed  Lasers 

2.1 .  High  Speed  Laser  Design 

To  maximize  the  modulation  bandwidth  of  a  semiconductor  laser  one  has  to  maximize  the 
differential  gain  (quantum  well  active  areas,  which  may  also  be  strained  or  doped),  minimize 
the  carrier  transport  and  capture  time  (especially  in  quantum  well  lasers)  and  minimize  the 
device  parasitics  (optimized  device  structures).  Close  attention  also  has  to  be  paid  to  the 
microwave  design  of  the  laser  structure.  Low  threshold  current  and  large  output  power  are 
essential  to  obtain  the  large  photon  densities  required  without  incurring  thermal  problems. 


One  of  the  effects  of  carrier  transport  is  given  in  Fig.  1  which  shows  the  experimental 
and  theoretical  variation  in  the  3  dB  modulation  bandwidth  with  separate  confinement 
heterostructure  (SCH)  width  at  different  power  levels  for  a  InGaAs/GaAs  single  quantum  well 
laser.  The  optimum  SCH  width  also  corresponds  roughly  to  the  point  at  which  the  optical 
confinement  factor  is  a  maximum.  For  a  narrow  SCH,  the  bandwidth  drops  off  due  to 
decreasing  optical  confinement,  resulting  in  a  larger  threshold  gain  and  a  lower  differential 
gain.  At  larger  SCH  widths,  the  combination  of  a  decreasing  confinement  factor  and  an 
increasing  carrier  transport  time  across  the  SCH  limits  the  modulation  bandwidth.  At 
sufficiently  high  powers  for  wide  SCH  devices,  a  characteristic  drop  due  to  carrier  transport 
appears  in  the  modulation  bandwidth  curve  [3]. 


Width  of  One  Side  of  SCH  (A) 


Fig.  1  Comparison  of  the  calculated  and  measured  Fig.  2  The  trend  in  the  CW  3  dB  modulation 
variation  in  modulation  bandwidth  with  SCH  bandwidth  at  room  temperature  reported  for 

width.  GaAs  and  InP  high  spe^  lasers. 

As  shown  in  Fig.  2,  presently  quantum  well  lasers  have  the  largest  small  signal  modulation 
bandwidths  (around  30  GHz  for  InGaAs/GaAs  and  25  GHz  for  InGaAsP/InP  systems)  [4,5]. 
The  largest  bandwidth  lasers  demonstrated  to  date  also  have  p-doped  active  regions  to  further 
increase  the  differential  gain  and  minimize  the  hole  transport  delay  component,  which  is  the 
major  contributor  to  the  total  carrier  transport  and  capture  time. 

2.2.  Microwave  Transmission  Properties 

Conventional  high  speed  laser  design  assumes  that  the  modulation  current  pumping  the  laser  is 
uniform  in  amplitude  and  phase  along  the  laser  cavity.  At  very  high  frequencies  this  is  invalid 
because  the  time  delay  from  the  feed  point  to  the  far  end  of  the  device  can  be  a  significant 
fraction  of  the  modulation  period.  The  distributed  microwave  nature  of  the  laser  under  these 
conditions  modifies  the  high  frequency  current  injection  and  the  modulation  response  [6]. 

Experimentally,  the  measured  loss  per  unit  length  and  the  phase  velocity  as  a  function 
of  frequency  are  shown  as  solid  lines  in  Fig.  3.  The  striking  features  in  the  graphs  are  (1)  the 
enormous  loss,  near  600  dB/cm  at  40  GHz  for  the  forward  biased  case  and  (2)  the  slow  phase 
velocity,  around  one-tenth  the  speed  of  light  in  vacuum.  The  large  loss  has  its  origin  in  three 
sources.  First,  in  a  typical  laser  structure  the  thick  n-doped  cladding  and  substrate  form  a 
lossy  ground  plane  for  the  transmission  line.  Because  the  skin  depths  in  the  semiconductor 
for  the  measured  frequency  range  are  significantly  less  than  the  100  |xm  thickness  of  the  /i- 
cladding  and  /i-substrate,  almost  all  of  the  longitudinal  current  on  the  n-side  is  carried  in  the 
poor  conductivity  doped  semiconductor,  and  not  in  the  metal  contact.  In  contrast,  the  1  pm 
thick  top  p-cladding  layer  is  thinner  than  the  semiconductor  skin  depth  and  the  longimdinal  p- 
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side  current  will  penetrate  into  the  gold  contact  layer.  The  current  should  therefore  be  carried 
primarily  in  the  high  conductivity  gold  and  this  second  source  of  loss  should  be  low  if  the 
gold  layer  is  thick  enough.  The  forward  biased  junction  is  a  third  source  of  loss,  because 
under  forward  bias  a  dissipative  conduction  path  is  opened  that  is  not  present  at  zero  bias. 


Frequency  (GHz)  Frequency  (GHz) 

(a)  (b) 

Fig.  3  (a)  Microwave  attenuation  per  unit  length  vs.  frequency,  (b)  Phase  velocity,  normalized  to  the  speed 

of  light  in  vacuum,  vs.  frequency.  The  solid  lines  are  measured  values  and  the  points  are  calculated. 

The  frequency  dependent  loss  results  in  a  frequency  dependent  current  injection  to  the 
active  region.  For  these  set  of  devices,  the  3  dB  rolloff  frequency  occurs  at  approximately  25 
GHz  for  a  300  |im  long  device.  This  is  computed  for  a  device  that  is  fed  at  the  center  of  the 
laser  stripe.  This  is  the  optimal  feeding  condition  since  waves  can  propagate  out  in  both 
directions  from  the  center  and  maximally  pump  the  device. 

2.5.  Room  Temperature  Narrowband  Millimeter  Wave  Fiber  Optic  Links 

The  maximum  direct  modulation  bandwidth  in  semiconductor  lasers  is  presently  limited  to  a 
little  over  30  GHz.  Millimeter  wave  modulation  of  semiconductor  lasers  at  frequencies  larger 
than  this  is  of  great  interest  for  radar,  satellite  links,  and  electronic  warfare  systems.  Due  to 
their  nature,  millimeter  wave  systems  will  benefit  from  efficient  narrow-band  optical 
modulation  techniques  at  frequencies  above  the  intrinsic  laser  modulation  bandwidth.  One  of 
the  techniques  that  may  used  to  implement  a  narrowband  millimeter  wave  system  is  a 
resonantly  enhanced  external  cavity  or  monolithically  integrated  multiple  section  laser  [7]. 


Frequency  (GHz)  Received  Optical  Power  (dBm) 

Fig.  4  Experimentally  measured  and  theoretically  Fig.  5  Comparison  of  bit  wror  rate  as  a  function 
modeled  modulation  response  of  an  extern^  of  received  optical  power  for  40  MBit/s 

cavity  laser.  BPSK  data. 
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Fig.  4  shows  the  experimental  and  modeled  small  signal  response  of  the  external  cavity 
configuration  operating  at  1.3  |im  wavelength.  The  optical  feedback  from  the  mirror  or 
grating  (for  single  optical  mode  operation)  in  the  external  cavity  causes  the  modulation 
response  of  the  system  to  be  enhanced  at  frequencies  corresponding  to  the  multiples  of  the 
cavity  round  trip  time.  The  resonant  enhancement  of  the  modulation  response  results  in  a 
series  of  frequency  windows  extending  out  into  the  millimeter  wave  range  suitable  for  narrow 
band  data  transmission.  The  BER  performance  of  the  grating  tuned  external  cavity  laser 
transmission  system  for  a  40  MBit/s  BPSK  digital  data  recovered  from  the  35  GHz  subcarrier 
is  shown  in  Fig.  5.  The  BER  for  the  back  to  back  case  (4m)  was  always  slightly  worse  than 
the  transmission  over  6.3  km.  This  shows  that  the  system  is  not  dispersion  limited.  There  is 
a  distinct  error  floor  at  around  10"^  BER  that  we  believe  is  the  result  of  the  enhancement  in  the 
transmitter  noise.  The  error  floor  can  be  lowered  by  increasing  the  signal  power  to  the  laser. 

2.4.  Cryogenic  Millimeter  "Wa^e  Fiber  Optic  Links 

High  speed  cryogenic  optical  fiber  links  operating  at  and  around  100  K  are  good  canchdates 
for  the  implementation  of  interconnects  between  high  Tc  superconducting  integrated  circuits 
and  room  temperature  electronics.  All  the  superior  properties  of  optical  fiber  links  like  low 
loss,  minimum  crosstalk,  and  high  bandwidth  are  available  for  use  at  these  low  temperatures. 
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Fig.  6  Variation  of  fiber  optic  link  bandwidth  with 
temperature. 


Fig.  7  Variation  of  laser  threshold  current  with 
tempoature. 


Fig.  6  shows  that  the  bandwidth  of  an  optical  link  operating  at  1.55  \xm  increases  with 
temperature  from  about  10  GHz  at  room  temperature  to  over  30  GHz  at  about  100  K.  At  the 
same  time,  as  shown  in  Fig.  7,  the  threshold  current  is  reduced  from  over  25  mA  to  about  1 
mA.  This  reduction  in  threshold  makes  it  possible  for  the  low  temperature  el^tronics  to 
directly  drive  the  laser.  The  decrease  in  bandwidth  below  100  K  is  due  to  carrier  trapping 
effects  leading  to  poor  carrier  transport  in  the  device  active  region  [8]. 


3.  High  Speed  Photodetectors 

3.1 .  Vertically  Illuminated  Photodiodes 

The  other  vital  component  for  the  development  of  large-capacity  optical  fiber  communications 
systems  is  the  photodetector  operating  at  1.3  pm  and  1.5  pm  wavelengths.  We  have 
fabricated  high-speed,  high-efficiency  GalnAs  flnP  p-i-n  verticaUy-niuminated  photodetectors 
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(VPDs)  which  are  monolithically  integrated  with  bias  tees  and  matched  resistors  [9],  This  is 
to  enhance  their  frequency  response  because  connections  to  bulk  bias  tees  and  various 
mismatched  loads  degrade  the  frequency  response  of  high-speed  photodetectors. 

The  integrated  circuit  design  is  shown  together  with  external  connections  in  Fig.  8. 
The  bypass  diode  serves  the  function  of  a  shunt  capacitor.  The  matched  source  resistor  greatly 
reduces  reflections  at  the  photodetector  so  frequency  response  variations  are  suppressed.  This 
resistor  also  doubles  the  ideal  RC  bandwidth  limitation  since  it  cuts  the  net  load  presented  to 
the  photodiode  in  half.  However,  since  the  resistor  forms  a  current  divider  with  the  load,  the 
effective  quantum  efficiency  is  also  cut  in  half.  By  implementing  the  bypass  diode  and 
matched  resistor  monolithically  and  close  to  the  photodiode,  these  elements  may  be  regarded 
as  lumped  over  the  design  bandwidth. 


Fig.  8.  Circuit  diagram  of  integrated  photodiode,  bias  tee,  and  matched  resistor  with  external  connections. 


The  photodiode  design  utilizes  a  GalnAs/InP  double  heterostructure  to  eliminate  carrier 
diffusion,  and  graded  bandgap  layers  at  the  hetero-interfaces  to  minimize  carrier  trapping.  The 
time  domain  response  of  the  photodiodes  is  measured  by  pump-probe  electro-optic  sampling, 
using  the  InP  substrate  as  the  electro-optic  modulator.  The  measured  pulse  responses  having 
full- width  at  half-maximum  (FWHM)  times  as  short  as  3.0  ps  for  a  discrete  2x2  fim^  devices 
and  3.8  ps  for  7  x  7  p-m^  photodiodes  integrated  with  bias  tees  and  matched  resistors.  The 
corresponding  3  dB  electrical  bandwidths  from  Fourier  transforms  are  110  and  108  GHz. 
Discrete  devices  were  found  to  have  50%  external  quantum  efficiency  at  0.97  pm  wavelength, 
and  32%  at  1.3  pm.  The  bandwidth-efficiency  product  of  these  photodetectors  is  near  the 
theoretical  limit 


32.  Traveling  Wave  Photodiodes 

To  further  increase  the  bandwidth-efficiency  product  we  developed  the  traveling- wave 
photodetector  (TWPD),  The  TWPD  is  an  in-plane  illuminated  device  similar  to  a  waveguide 
photodetector  (WGPD).  This  type  of  device  is  not  subject  to  the  bandwidth-efficiency  limit  of 
VPDs  because  its  absorption  path  is  orthogonal  to  the  carrier  drift  field.  It  is  a  strong  candidate 
for  high-speed  communications  systems  because  it  is  not  inherently  narrowband,  it  can 
operate  over  a  wide  temperature  range,  and  its  quantum  efficiency  can  be  near  unity.  Also,  it  is 
easily  integrated  with  an  optical  preamplifier. 

The  trait  that  distinguishes  a  TWPD  from  a  WGPD  is  that  the  photodetector  structure  is 
designed  as  a  microwave  transmission  line  with  a  characteristic  impedance  matched  to  the 
external  circuit.  This  eliminates  the  RC  time  limitation  dependence  on  device  area  without 
compromising  the  advantages  of  a  WGPD.  The  TWPD  is  a  fiilly  distributed  device,  and  the 
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bandwidth  limitation  depends  on  the  optical  absorption  coefficient  and  velocity  mismatch  [10]. 

For  direct  comparison,  TWPDs,  WGPDs,  and  VPDs  are  fabricated  on  the  same  wafer. 
Fabrication  methods  for  the  GaAs  TWPDs  are  similar  to  those  of  the  long-wavelength  VPDs 
described  above  except  that  proton  implants  are  used  for  isolation,  rather  than  mesa  etches. 
The  GaAs/AlGaAs  graded  double  heterostructure  is  grown  by  MBE  with  layer  thicknesses 
such  that  a  1  \im  wide  TWPD  has  a  calculated  characteristic  impedance  of  about  50  Q.  The 
ridge  waveguide  for  the  PD  is  defined  by  chlorine  RIE,  self  aligned  to  the  top  ohmic  contacts. 


Fig.  9.  (a)  Measured  pulse  response  and  (b)  derived 
electrical  frequency  response  of  a  1  pm  x  7 
pm  TWPD. 


Fig.  10.  3-dB  electrical  bandwidths  of  v^ous 
size  in-plane  and  vertically-illuminated 
photo-detectOTS  from  the  same  wafer. 


Fig.  9  shows  the  measured  pulse  response  of  a  1  x  7  pm^  GaAs  p-i-n  TWPD  having 
1.47  ps  FWHM  [11].  The  equivalent  electrical  frequency  response  gives  a  3  dB  bandwidth  of 
172  GHz,  and  significant  conversion  efficiency  at  much  higher  frequencies.  The  external 
quantum  efficiency  of  42%  gives  this  device  a  72  GHz  bandwidth-efficiency  product,  the 
highest  reported  for  any  photodetector  without  gain.  Evidence  that  the  devices  are  indeed 
TWPDs  is  presented  in  Fig.  10,  where  the  bandwidths  of  VPDs,  2  pm  wide  (WGPDs),  and  1 
pm  wide  TWPDs  from  the  same  wafer  are  plotted  as  functions  of  their  area.  The  TWPDs  have 
much  higher  bandwidths  and  efficiencies  than  the  lumped  devices  of  the  same  areas.  The 
decrease  in  bandwidth  for  longer  TWPDs  is  due  to  microwave  loss  rather  than  the  lumped  RC 
time  limitation  of  the  VPDs  and  WGPDs.  TWPDs  are  best  suited  for  communications  systems 
requiring  greater  than  100  GHz  bandwidth. 


This  work  was  funded  by  ARPA  and  Office  of  Naval  Technology  block  program  in 
Electro-Optics  Technology. 
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Abstract.  High-reflective  PECVD  Si/Si3N4  and  IB  Si/A^Os  back  facet 
coating  stacks  of  MBE-grown,  strained  InGaAs/AlGaAs  GRINSCH-SQW, 
4-/um-wide  ridge-waveguide  lasers  exhibit  distinctive  properties  under  laser 
output  power.  Raman  microprobe  spectra  show  that  PECVD  Si  layers  re¬ 
main  amorphous  independent  of  exposure  time  and  power  applied,  whereas 
IB  Si  layers  rapidly  recrystallize  within  hours  and  at  lower  power  levels.  Lo¬ 
cal  mirror  temperatures  are  f^2x  higher  in  the  IB  stacks  than  in  the  PECVD 
stacks.  The  refractive  index  of  IB  Si  changes  from  3.85  to  3.45  at  980  nm 
according  to  a  transition  from  amorphous  to  crystalline  Si.  This  reduces  the 
reflectivity  of  the  stack  from  95  to  91%,  and  increases  the  power  transmitted 
by  the  back  facet  by  a  factor  of  1.7.  Model  experiments  employing  a  con¬ 
trolled  local  recrystallization  by  external  Ar’*'  laser  irradiation  showed  that 
recrystallization  has  an  impact  on  near-field  patterns  and  on  nonlinearities 
in  the  light-current  characteristics. 


1.  Introduction 

High-power,  fundamental-mode,  InGaAs/AlGaAs  strained  quantum  well  lasers  play  a 
dominant  role  in  optical  fiber  communication  systems  as  pump  sources  for  Er^+-doped 
fiber  amplifiers  [1].  This  application  requires  devices  with  excellent  electrical  and  optical 
properties  and  reliability.  Front  and  back  mirrors  are  known  to  be  very  sensitive  elements 
in  laser  cavities.  Using  Raman  microprobe  spectroscopy,  we  have  investigated  the  struc¬ 
tural  stability  of  Si  layers  in  mirror  coating  stacks  under  optical  power  exposure.  We 
have  also  characterized  other  distinctive  features  between  Si  layers  deposited  by  plasma- 
enhanced  chemical- vapor  deposition  (PECVD)  and  ion-beam  (IB)  sputtering,  and  in 
particular  investigated  the  effect  of  Si  recrystallization  on  the  performance  of  the  lasers. 
Additional  results  for  model  experiments  employing  a  controlled  local  recrystallization 
by  external  Ar'*'  laser  irradiation  will  also  be  reported. 
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2.  Experimental 

Ridge  waveguide,  strained  InGaAs/AlGaAs,  single  quantum  well  (SQW),  graded-index 
separate-confinement  heterostructure  (GRINSCH)  lasers  grown  by  molecular  beam  epi¬ 
taxy  (MBE)  have  been  used  throughout  these  studies.  The  facets  of  the  750-//m-long 
and  4-//m-wide  lasers  are  (nO)-oriented  and  were  formed  by  cleaving.  After  cleaving, 
the  back  facets  were  coated  with  high-reflective  (95%)  PECVD-Si/Si3N4  or  IB-Si/Al203 
5-layer  stacks.  Single  PECVD-Si3N4  or  IB-AI2O3  layers,  respectively,  were  deposited  on 
the  front  facets  to  obtain  a  reflectivity  of  about  10%.  The  laser  chips  were  soldered 
junction-side-up  onto  heat  sinks  for  measurements. 

The  Raman  microprobe  spectra  were  measured  on  the  (110)  rear  mirrors  in  air  and 
at  room  temperature  in  the  backscattering  geometry  by  using  the  457.9-nm  line  of  an 
Ar+  laser  as  excitation  source.  The  probe  beam  was  focused  to  a  spot  diameter  of  about 
1  fim,  and  its  low  incident  power  of  2  mW  heated  the  mirror  surface  by  only  about  20  K. 
The  Raman  signal  was  dispersed  in  a  0.9-m  double-grating  spectrometer  and  detected  by 
a  cooled  photomultiplier  with  GaAs  cathode  and  standard  photon  counting  electronics. 
The  spectra  were  recorded  with  a  spectral  resolution  of  1.5  cm  h 

Local  temperatures  on  the  back  facets  have  been  measured  by  Raman  microprobe 
using  the  Stokes/anti-Stokes  line  intensity  ratio  of  the  Si  phonon  mode  in  the  Si  layers. 
Details  of  this  evaluation  method  are  given  elsewhere  [2]. 


3.  Results  and  discussion 

The  Raman  spectra  of  the  as-deposited  PECVD  and  IB  Si  layers  show  no  sharp  lines,  but 
they  do  show  a  broad  asymmetric  peak  near  480  cm“^  with  a  typical  line  width  of  70  cm 
(see  Fig.  la).  The  spectra  strongly  resemble  those  usually  observed  for  amorphous  silicon 
(a-Si)  [3],  and  thus  verify  that  the  original  Si  layers  were  amorphous.  The  broad  peak 
arises  from  the  relaxation  of  the  normal  Raman  selection  rules  for  scattering  from  a 
crystal  as  a  result  of  the  loss  of  translational  symmetry  in  the  amorphous  phase.  However, 
under  laser  operation,  the  structure  of  PECVD-  and  IB-prepared  a-Si  layers  was  modified 
in  quite  a  different  manner.  This  is  definitely  shown  in  Raman  spectra  recorded  from 
the  optical  near-field  pattern  of  typically  3  /ijxixl  fim..  Thus  PECVD  a-Si  remains 
amorphous,  independent  of  exposure  time  and  cw  optical  output  power  (measured  up  to 
4  (230)  mW  emitted  from  the  back  (front)  facet).  This  structural  stability  is  known  to  be 
due  to  the  large  amount  (?iil0  at.%)  of  atomic  hydrogen  [4]  in  the  a-Si  films  prepared  in 
a  glow  discharge  decomposition  of  SiH4.  Whereas  hydrogen  is  known  to  be  essential  for 
good  electrical  performance  of  a-Si  devices  by  saturating  randomly  distributed  dangling 
bonds,  it  protects  the  a-Si  from  recrystallization. 

In  contrast,  hydrogen-free  IB  a-Si  layers  show  an  additional  sharp  line  in  the  Raman 
spectra  near  520  cm"^  after  only  brief  laser  operation  at  lower  power  levels.  This  line 
can  be  attributed  to  scattering  from  the  threefold  degenerate.  A:  =  0,  optical  phonon  of 
crystalline  Si  (c-Si)  [3].  Figure  1  shows  Stokes-Raman  spectra  obtained  from  the  Si  layers 
in  IB-deposited  back  facet  stacks  at  various  laser  operation  times.  It  clearly  exhibits  an 
increase  of  the  intensity  of  the  c-Si  phonon  mode  relative  to  that  of  the  a-Si  mode.  After 
about  10  h  at  200  mW,  the  c-Si  peak  intensity  saturates  in  keeping  with  a  nearly  complete 
recrystallization  of  a-Si  to  c-Si.  From  the  spectra  in  Fig.  1  we  have  deduced  the  volume 
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Figure  1.  Raman  scattering  spectra  for  a-Si  layers  in  IB-deposited  Si/Al203 
back  facet  coating  stacks  of  InGaAs/AlGaAs  lasers;  (a)  as  deposited,  (b)  after 
0.5  h,  (c)  4  h  and  (d)  10  h  operation  at  4  (230)  mW  back  (front)  facet  power 
emission. 


fraction  of  crystallinity  p  in  the  two-phase  system  of  Si  microcrystallites  embedded  in 
the  a-Si  matrix.  Thus  p  5,  30  and  100%  after  a  laser  operation  of  0.5,  4  and  10  h, 
respectively,  at  4  (230)  mW  back  (front)  facet  power  emission.  The  recrystallization 
strength  is  strongest  within  the  optical  near-held  spot.  A  line  scan  perpendicular  to 
the  active  layer  towards  the  substrate  showed  that  p  decreases  rapidly  outside  the  near 
held,  and  goes  to  zero  at  about  5  pm  away  from  the  near  held.  Figure  1  also  shows  a 
slight  shift  of  the  c-Si  phonon  peak  to  higher  energies  with  increasing  p,  which  can  be 
interpreted  as  a  particle  size  effect  [5].  According  to  [5]  the  crystallite  size  in  the  Si  layers 
was  estimated  to  be  about  5  nm  for  a  crystallized  layer  with  p  «  5%  and  >  10  nm  for  a 
layer  with  p  ^  100%. 

Different  mirror  heating  is  a  further  distinctive  feature  between  the  two  types  of 
high-rehective  back  facet  coating  stacks.  Local  mirror  temperatures  have  been  measured 
within  ~1  pm  of  the  near-held  spot  from  the  Stokes/anti-Stokes  intensity  ratio  of  the  a-Si 
Raman  mode.  Figure  2  exhibits  actual  temperature  increases  AT  as  a  function  of  laser 
operating  current  I  and  optical  power  P  plotted  for  IB-Si  and  PECVD-Si  layers.  The 
AT  data  are  with  respect  to  room  temperature  and  allow  for  the  low  heating  effect  of  the 
probe  laser  intensity.  The  power  scale  is  valid  for  the  IB-Si  and  PECVD-Si  lasers,  which 
have  practically  the  same  differential  quantum  efficiency.  As  is  evident  from  Fig.  2,  the 
temperatures  are  at  least  2x  higher  in  the  IB-Si  than  in  the  PECVD-Si  layer  containing 
stacks.  This  is  mainly  due  to  the  higher  absorption  coefficient  a  of  IB  a-Si,  which  is 
«  8  X  10^  cm“^  compared  to  ?«60  cm“^  for  PECVD  a-Si  at  980  nm  [6].  The  highest 
temperatures  measured  in  the  IB-Si  layers  are  significantly  lower  than  those  given  in 
the  literature  for  recrystallizing  a-Si  exclusively  with  thermal  annealing  treatments  [7], 
and  thus  suggests  a  photothermal  activation  of  the  crystallization  process  in  the  IB  a-Si 
layers. 
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Figure  2.  Measured  temperature  increases  of  IB-  and  CDV-deposited  a-Si 
layers  in  back  facet  coating  stacks  of  InGaAs/AlGaAs  lasers  as  a  function  of 
current  /  and  optical  power  P. 
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To  quantify  the  effect  of  Si  recrystallization  on  laser  characteristics  in  a  unique 
way,  we  produced  the  crystallization  in  well-controlled  steps  by  irradiating  the  back 
facet  coating  in  the  near-held  area  with  a  focused  Ar+  laser  beam.  In  this  way  a  p-value 
of  «100%  can  be  produced  in  IB  a-Si  in  h  with  30  mW  of  the  457.9  nm  line  focused 
in  a  spot  size  of  about  3  /im.  A  value  oi  p  ^  100%  increases  the  transmitted  power  at 
the  back  facet  by  a  factor  of  1.7  (see  Fig.  3).  This  enhancement  of  power  emission  can 
be  accounted  for  by  a  reflectivity  decrease  from  95%  to  91%  due  to  a  transition  of  the 


Figure  3.  Light  (P)-current  (/)  characteristics  and  near-field  patterns  taken 
from  back  facet;  (a)  back  facet  coating  as  deposited,  (b)  after  controlled  re¬ 
crystallization  of  IB  a-Si  layers  in  back  facet  coating  by  Ar+  irradiation.  Inset 
shows  corresponding  Raman  spectra  (a)  a-Si  as  deposited,  (b)  complete  c-Si. 
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Figure  4.  Light  (P)-current  (/)  characteristics  and  near-field  patterns  taken 
from  the  non-manipulated  front  facet  of  same  laser  in  Fig.  3  with  IB  a-Si  layers 
in  back  facet  coating  (a)  as  deposited  and  (b)  completely  recrystallized. 


refractive  index  from  3.85  (a-Si)  to  3.45  (c-Si).  An  increase  of  the  transmitted  power 
caused  by  an  absorption  coefficient  decreasing  from  8  x  10^  cm~^  (a-Si)  to  5  x  10^  cm“^ 
(c-Si)  plays  only  a  minor  role  (10%). 

Figure  4  shows  the  corresponding  P-I  characteristics  measured  at  the  front  facet. 
Of  significance  is  the  clear  movement  of  a  “kink”,  or  nonlinearity,  observed  in  the  P-1 
curve  upon  Si  recrystallization.  Such  a  kink  can  be  associated  with  a  movement  of  the 
optical  mode  along  the  junction  plane.  This  effect  is  known  to  cause,  for  example,  a 
nonstable  coupling  of  laser  power  into  optical  fibers.  Finally,  Figs.  3  and  4  also  exhibit 
the  effect  of  the  recrystallization  on  the  near  fields,  which  remain  unchanged  in  shape 
when  recorded  below  the  power  onset  value  of  the  kink.  In  contrast,  near-field  patterns 
recorded  above  the  kink  shrink  in  lateral  dimension. 

4.  Summary 

We  have  demonstrated  distinctive  features  between  PECVD-Si  and  IB-Si  layers  in  rear 
mirror  coating  stacks  of  980-nm  InGaAs/AlGaAs  lasers  under  power  exposure.  PECVD- 
Si  layers  remain  amorphous,  whereas  IB-Si  layers  rapidly  recrystallize  with  time.  Raman 
spectra  proved  to  yield  an  unambiguous  distinction  between  the  amorphous  and  crys¬ 
talline  Si  state.  Local  mirror  temperatures  are  ^2x  higher  in  the  as-deposited  IB  than 
in  the  PECVD  stacks  due  to  a  higher  absorption  coefficient  of  a-Si.  The  recrystallization 
of  the  a-Si  layers  in  the  back  facet  coating  leads  to  a  movement  of  the  optical  mode 
above  a  certain  power  level  and  shrinks  the  lateral  near-field  pattern. 
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Record  Low  Resistance  Vertical  Cavity  Surface  Emitting  Lasers 
Grown  by  Molecular  Beam  Epitaxy  Using  Hybrid  Mirror  Approach 

M.  Hong,  D.  Vakhshoori,  J.  P.  Mannaerts,  and  F.  A.  Thiel 

AT&T  Bell  Laboratories,  Murray  Hill,  NJ  07974 

Abstract.  Low  resistance  vertical-cavity  surface  emitting  lasers  employing  a 
hybrid  mirror  as  the  top  reflector  have  been  grown  by  molecular  beam  epitaxy.  A 
sinusoidal-like  compositional  grading  between  GaAs  and  Alo.9Gao.i  As  was  used 
in  both  n-  and  p-type  distributed  Bragg  reflector  mirrors.  Single  crystal  Au  films 
which  were  in-situ  deposited  on  top  of  the  p-DBR  to  achieve  low  ohmic  contact 
resistance  of  10“^Li-cm^  were  part  of  the  hybrid  mirror.  This  novel  combination 
of  in-situ  ohmic  contact  and  sinusoidal  grading  in  composition  gave  an  extremely 
low  total  device  resistance  of  5  x  10“^^2-cm^.  The  threshold  current  density  was 
2  kA/cm^. 

1.  Introduction 

Vertical-cavity  surface  emitting  lasers  (SELs)  are  promising  candidates  for  many 
optoelectronic  applications  such  as  optical  communication  and  computer  interconnections. 
One  crucial  factor  of  realizing  S  EL  in  a  high-performance  and  reliable  device  is  to  decrease 
the  high  series  resistance,  which  mainly  comes  from  the  p-type  semiconductor  distributed 
Bragg  reflector  (DBR)  mirror,  and  may  also  be  attributed  to  by  a  small  contact  area.  The 
series  resistance  in  the  DBR  mirror  can  be  reduced  when  the  barrier  height  at  the 
heterojunctions  between  the  two  constituents  of  the  mirror  is  lowered. 

Experimentally  during  molecular  beam  epitaxial  (MBE)  growth,  lowering  the  barrier 
height  has  been  achieved  by  modifying  the  band  discontinuity  with  inserting  an  AlGaAs 
region  between  GaAs  and  AlAs:  This  AlGaAs  layer  can  be  in  different  forms  such  as  (1)  one 
intermediate  composition  [1];  (2)  two  or  more  intermediate  compositions  [2];  (3)  digital 
alloy  linear  grading  [3],  and  (4)  continuously  compositional  grading  by  variation  of  group  HI 
(Ga,  Al)  cell  temperatures  [4].  These  approaches  were  used  in  the  early  stage  of  the  research 
activity  to  lower  the  series  resistance  in  SELs.  More  recently,  much  lower  total  resistances 
of  1.9  X  10“^  f2-cm^  and  3,6  x  10“"^  Q-cm^  have  been  reported  for 
Alo.iGao.9  As/Alo.gGao.i  As  mirrors  [5,6]  grown  with  a  doping  of  3  x  lO^^cm"^  and  for 
GaAs/Alo.67Gao.33  As  mirrors  [7]  with  a  doping  of  6  x  10^^cm“^,  respectively. 

In  this  paper,  we  present  MBE  growth  of  an  SEL  device  using  a  hybrid  mirror  approach 
combining  semiconductor  DBR  and  metal.  The  SEL  with  the  hybrid  p-mirrors  has  the 
advantage  of  requiring  less  epitaxial  growth  and  reducing  device  resistance  while 
maintaining  high  mirror  reflectivity.  The  in-situ  deposited  Au  was  used  to  achieve  both 
non- alloyed  low  ohmic  contacts  [8]  and  a  smooth  metal/GaAs  interface  [9]. 

2.  Experimental 

The  growth  was  carried  out  in  a  multi-chamber  molecular  beam  epitaxy  (MBE)  system 
which  includes  a  solid  source  GaAs-based  ni-V  chamber  and  an  As-free  metal  chamber. 
The  two  deposition  chambers  are  connected  by  transfer  modules  which  are  maintained  with 
a  5  x  10“^^  torr  vacuum  condition.  Both  n-  and  p-DBR  mirrors  were  grown  using  the  flux 
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modulation  of  A1  and  Ga  by  simultaneously  varying  the  cell  temperatures  of  A1  and  Ga 
without  any  shutter  operation.  The  compositional  profile  was  determined  by  cell 
temperature  controllers.  Three  Ino.2Gao.8  As  quantum  wells  each  100  A  thick  separated  by 
120  A  of  GaAs  barriers  formed  the  active  region.  The  gain  peak  was  around  980  nm  and  the 
carrier  confinement  was  provided  by  graded  AlGaAs  cladding. 

The  bottom  mirror  was  a  26-pair  n-type  V4  distributed  Bragg  reflector  (DBR)  and  the 
top  one  was  a  hybrid  mirror  combining  a  16-pair  p-type  V4  DBR  and  a  Au  film.  The  first 
3-pair  p-DBRs  close  to  the  active  region  were  doped  with  3x10^^  cm"^  and  the  remaining 
DBRs  were  with  5  x  10^^ cm”^,  except  the  top  500  A  which  was  doped  heavily  with  Be  of 
more  than  lO^^cm”^  for  achieving  low  resistivity  ohmic  contacts.  The  SEL  samples  were 
then  transferred  to  the  metal  chamber  for  in-situ  deposition  of  Au,  which  was  achieved  using 
an  effusion  cell.  The  total  thickness  of  the  Au  film  is  300  A. 

After  the  MBE  growth  of  SEL  and  in-situ  Au,  another  Au  film  2000  A  thick  were  ex-situ 
deposited  on  the  samples  in  an  e-beam  evaporator.  The  devices  were  made  by  first  ion¬ 
milling  the  metal  to  define  the  dot  for  ohmic  contact.  The  SEL  mesa  was  defined  using  wet 
chemical  etching.  The  etching  was  stopped  just  before  the  active  region. 

3.  Results  and  Discussion 

An  example  is  given  here  for  the  Ga  cell  temperature  and  flux  for  growth  of  one  period 
of  the  DBR  mirror:  Figure  1  is  a  cell  temperature  as  function  of  time  produced  by  the 
temperature  controller  for  one  pair  of  DBR  mirror.  The  input  temperature  profile  was 
designed  to  give  a  sinusoidal  composition- grading  for  the  interface  between  the  two 
constituents  of  the  DBR  mirror.  In  this  work,  these  two  components  are  chosen  to  be  GaAs 
and  Alo.9Gao.i  As.  The  design  was  based  on  the  growth  rates  of  GaAs  and  AlGaAs  as 


Fig.  1  Input  Ga  cell  temperature  as  function  of  time  for  one  pair  of  DBR.  The  period  for  this 
mirror  is  10.1  minutes. 


545 


function  of  the  cell  temperatures  as  obtained  using  the  reflection  high  energy  electron 
diffraction  (RHEED)  oscillation.  The  actual  Ga  cell  temperature  shown  in  Fig.  2  follows  the 
input  temperature,  but  lags  behind  it  by  a  few  seconds.  Moreover,  during  the  cooling,  actual 
temperature  undershooting  the  input  temperature  by  as  much  as  15°C  was  observed. 
Nevertheless,  the  undershooting  repeats  itself  periodically.  The  Ga  flux  measured  by  a  flux 
gauge  near  the  substrate  as  shown  in  Fig.  3  indicates  that  the  compositional  profile  is  very 
much  sinusoidal-like.  A  similar  sinusoidal-like  flux  profile  was  also  obtained  for  the  A1  ceil. 

The  in-situ  deposited  Au  is  single  crystal  and  epitaxially  grown  on  GaAs  with  a  substrate 
temperature  of  100°C  [9].  The  Au/GaAs  interface  is  very  smooth  with  a  roughness  of  5.5  A 
as  determined  from  an  X-ray  reflectivity  measurement  [101.  The  interfacial  smoothness  may 
also  enhance  the  reflectivity  of  the  hybrid  mirror.  Very  low  ohmic  resistivity  of  10“^  Gi-cm^ 
was  achieved  for  this  type  of  non-alloyed  contact  [9].  Therefore,  the  ohmic  contact 
resistance  is  negligible  compared  with  the  resistance  from  the  p-DBR. 

This  novel  combination  of  the  in-situ  non-alloyed  ohmic  contacts  and  a  sinusoidal-like 
compositional  grading  profile  between  GaAs  and  Alo.9Gao.i  As  gave  a  total  resistance  of 
5.0  X  10“^  Q-cm^.  The  total  device  resistance  included  the  p-  and  n-  ohmic  metal  contacts 
as  well  as  the  resistance  from  the  p-  and  n-  compositionally  graded  DBR  mirrors.  The  SEE 
threshold  current  density  was  approximately  2  kA/cm^  with  a  Fabry-Perot  wavelength  of 
940  nm.  By  better  alignment  of  the  cavity  Fabry-Perot  wavelength  with  the  gain  peak, 
reduction  in  threshold  current  density  is  expected.  We  note  that  when  the  first  13-pair  p- 
DBRs  were  doped  with  3  x  10^^cm“^  and  the  remaining  DBRs  were  doped  with  5  x 
10^^cm“^,  a  total  resistance  was  slightly  increased  to  the  value  lower  than  1.0  x  10“^  Q- 
cm^. 


Fig  2.  Actual  Ga  cell  temperature  as  function  of  time  for  one  pair  of  DBR.  Note  that  the 
temperature  undershooting  near  the  795°C. 
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4.  Conclusion 

The  SEL  structure  using  a  hybrid  mirror  has  the  advantage  of  requiring  less  epitaxial 
growth  and  reducing  device  resistance  without  detrimental  effect  on  the  mirror  reflectivity. 
The  total  resistivity  of  the  SEL  in  the  range  of  10"^  Q-cm^  has  been  demonstrated.  We 
believed  that  further  reduction  in  the  SEL  resistance  is  possible  when  the  composition¬ 
grading  and  the  doping  profiles  are  optimized  for  the  DBR  mirrors.  The  continuous  grading 
in  composition  for  the  growth  of  DBR  mirrors  first  used  in  MBE  [4]  has  now  being 
successfully  extended  to  metalorganic  chemical  vapor  deposition  (MOCVD)  growth  of  SEL. 
Low  threshold  voltage  SEL  was  achieved  [11]. 


Fig  3.  Ga  flux  as  function  of  time  for  one  pair  of  DBR.  A  sinusoidal-like  curve  is  obtained. 
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Effects  of  Impurity-Free  and  Impurity-Induced 
Disordering  (IID)  on  the  Optical  Properties  of 
GaAs/(Al,Ga)As  Distributed  Bragg  Reflectors 


P.D.  Floyd  and  J.L.  Merz 

Department  of  Electrical  and  Computer  Engineering,  University  of  California,  Santa  Barbara 
Santa  Barbara,  California  93 106 

Abstract.  The  variation  of  the  reflectivity  and  stopband  width  of  disordered  GaAs/(Al,Ga)As 
distributed  Bragg  reflectors  (DBRs)  is  studied  by  thermal  annealing  of  semiconductor  DBRs  and 
modeled  by  simulating  interdiffusion  of  A1  and  Ga  at  the  interfaces  within  the  DBR.  Undoped 
mirrors  show  stability  in  their  reflectivity  and  stopband  width  for  annealing  durations  of  up  to 
24  hours.  Heavily  Si  doped  mirrors  show  strong  degradation  for  annealing  durations  as  short  as 
one  hour.  Using  the  model,  excellent  agreement  with  experimental  results  is  found  and 
interdiffusion  coefficients  can  be  estimated.  The  results  show  that  important  optical  parameters 
are  unchanged  for  short  diffusion  lengths,  but  drastically  degrade  for  larger  diffusion  lengths. 

The  results  indicate  the  limits  of  thermal  processing  for  device  structures  containing 
GaAs/(Al,Ga)As  DBRs.  The  ability  to  accurately  predict  the  effects  of  disordering  on  DBRs 
permits  the  proper  design  of  vertical  cavity  structures  containing  DBRs,  by  specifically 
accounting  for  the  effects  of  disordering. 


1.  Introduction 

Vertical  cavity  optoelectronic  devices  such  as  lasers  [1],  [2]  and  modulators  [3],  [4]  have  been 
studied  due  to  unique  advantages  of  low  threshold  currents,  low  operating  voltages, 
compactness  and  the  ability  to  be  fabricated  into  2-D  arrays.  Semiconductor  DBRs  are  used  to 
form  the  cavities  of  such  devices.  High  temperature  processing,  such  as  impurity  diffusion  for 
edge-emitting  lasers  fabricated  by  impurity-induced  disordering  (IID)  [5],  [6],  bonding  by 
atomic  rearrangement,  to  join  dissimilar  semiconductors  [7],  Zn  diffusion  for  low  resistance 
mirrors  and  optical  mode  control  [8]  and  re^owth  over  etched  pillar  vertical  cavity  lasers  [9], 
can  result  in  high  performance  optoelectronic  devices.  However,  application  of  such  high 
tempemtiue  techniques  to  vertical  cavity  devices  requires  understanding  the  effects  caused  by 
impurity-induced  and  impurity-free  disordering  on  the  optical  properties  of  DBRs.  Because 
DBRs  are  often  doped  with  impurities  known  to  enhance  interdiffusion  such  as  Si  and  Zn,  their 
effect  on  the  mirror  during  a  high  temperature  process  must  be  understood  to  insure  proper 
optical  cavity  design. 

In  this  work,  we  analyze  the  effects  of  impurity-induced  and  impurity-free  disordering 
on  important  characteristics  of  DBRs  such  as  reflectivity  and  stopband  width.  The  variation  of 
these  parameters  is  calculated  as  a  function  of  diffusion  length  and  measured  as  a  function  of 
anneal  duration. 
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2.  Theory 

To  model  the  interdiffusion  of  A1  and  Ga  in  a  DBR,  we  solve  Pick's  equation  using  a  constant 
interdiffusion  coefficient  DAi-Ga  with  the  initial  conditions  of  a  square  well  A1  profile  and  final 
conditions  of  a  uniform  alloy,  along  with  periodic  boundaiy  conditions.  [10]  Xz  and  Xb  are 
the  A1  fraction  in  the  quarter- wavelength  layers  of  low  A1  content  and  the  quarter-wavelength 
layers  of  high  A1  content,  respectively.  Lz  and  Lb  are  the  thicknesses  of  the  layers  and  their 
sum  the  thickness  of  a  single  mirror  period,  T.  The  general  solution  for  the  A1  profile  in  the 
mirror  is  given  by 


XAi(z,t)  —  X^j(z,oo)  +  — (X2  -  cos(7in) 


f  TtnL 


sin 


(  27inzA 
cosi Jexp 


where  Ld  is  the  diffusion  length  given  by  =  D/a-cat  •  To  calculate  the  reflectivity  spectra, 
we  use  the  transmission  matrix  method,  including  the  wavelength  dispersion  of  the  (Al,  Ga)As 
using  the  model  of  Afromowitz  et.  al.  [11]  and  fixed  losses  for  the  layers,  and  break  up  the 
calculated  Al  profile  into  1  nm  slices.  From  the  calculated  reflectivity  spectra,  we  extract  the 
parameters  of  interest. 

Figure  1(a)  shows  the  calculated  reflection  spectra  for  a  stmcture  similar  to  the  actual 
material  used  in  experiments  described  later.  The  structure  consists  of  an  18.5  period 
GaAs/AlAs  DBR  centered  at  950  nm,  capped  with  a  one  wavelength  thick  GaAs  layer.  This 
capping  layer  causes  the  structure  to  actually  be  a  low  finesse  resonant  cavity,  with  a  Fabry- 
Perot  mode  at  the  center  wavelength.  The  behavior  of  the  average  reflectivity  (average  of  the 
reflectivity  maxima  within  the  stopband)  and  the  stopband  width  of  the  spectra  clearly  depends 
on  diffusion  length.  Figure  1(b)  shows  both  parameters  plotted  as  a  function  of  Ld. 

The  sudden  reduction  of  reflectivity  and  stopband  width  beyond  a  "threshold"  diffusion 
length,  as  shown  in  the  calculated  curves,  can  be  understood  by  considering  extreme  stages  of 
interdiffusion.  The  early  stages  of  interdiffusion  will  grade  the  interfaces  in  the  DBR,  but  the 
maximum  Al  content  in  the  high  Al  content  layers  and  the  maximum  Ga  content  in  the  high  Ga 
content  layers  does  not  change  over  most  of  the  thickness  of  a  quarter- wavelength  layer.  This 
implies  that  the  index  of  refraction  step  between  subsequent  layers  is  litde  changed,  therefore 
the  reflectivity  and  other  parameters  vary  little  from  those  of  a  non-disordered  DBR.  As  the 
interdiffusion  proceeds  and  the  diffusion  length  becomes  a  significant  fraction  of  the  quarter- 
wavelength  thickness,  the  Al  content  in  the  high  Al  content  layers  and  the  Ga  content  in  the 
high  Ga  content  layers  decreases  over  the  entire  length  of  a  quarter-wavelength  layer.  This  ^ 
process  reduces  the  index  of  refraction  step  between  the  layers,  hence  reducing  the  reflectivity 
and  narrowing  the  stopband  width  of  the  DBR. 


3.  Experiment 

Experiments  were  performed  on  Molecular  Beam  Epitaxy  (MBE)  grown,  doped  and  undoped 
mirror  samples.  Undoped  samples  have  18.5  periods  of  quarter- wavelength  GaAs/AlAs 
layers,  and  capped  with  a  1  wavelength  GaAs  cap  layer.  The  DBR  has  a  center  wavelength  of 
950  nm.  Because  a  one-wavelength  layer  was  grown,  rather  than  a  1.25  optical  wavelength 
thick  layer,  the  structures  are  actually  low  finesse  resonant  cavities  with  a  Fabry-Perot  mode  at 
the  center  wavelength.  Silicon  doped  (^  10^8  cm'^),  20  period  GaAs/AlAs  DBRs  with  a 
center  wavelength  of  925  nm  were  used  to  study  IID  of  the  DBRs. 
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Figure  1.  (a)  Calculated  reflectivity  spectra  for  18.5  period  DBR  with  one  optical  wavelength  GaAs  capping 
layer  centered  at  950  nm.  (b)  Average  reflectivity  (average  of  the  reflectivity  maxima  within  the  stopband)  and 
stopband  width  as  a  function  of  diffusion  length 
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SiOi  was  deposited  on  the  samples  by  plasma- enhanced  chemical  vapor  deposition 
(PECVD)  at  270  °C.  The  samples  were  enclosed  in  a  quartz  ampoule  along  with  elemental 
arsenic  for  overpressure.  The  thick  GaAs  cap  layer  is  helpful  in  preventing  impurity-induc^ 
disordering  via  Al-SiOa  interaction.  [  12]  Because  we  are  interested  in  using  DBRs  in  devices 
fabricated  using  IID  by  Si  diffusion,  we  choose  to  anneal  at  a  temperature,  ^senic 
overpressure,  and  encapsulation  condition  similar  to  that  used  to  fabricate  diode  lasers  by  Si- 
BD.  [5,6]  Therefore,  the  anneal  is  performed  at  850°C  with  0.5  Atm  arsenic  overpressure. 
After  annealing,  the  dielectrics  are  stripped  by  CF4  plasma  and  buffered  hydrofluoric  acid. 
Reflectivity  spectra  of  samples  with  the  best  surface  morphology  were  measured  using  a 
spectrophotometer,  from  which  the  mirror  stopband  width  and  reflectivity  can  be  directly 
determined. 


4.  Experimental  Results  /  Discussion 

Figure  2(a)  shows  the  reflection  spectra  of  the  undoped  samples  for  various  anneal  durations. 
The  behavior  of  the  reflectivity  and  stopband  width  is  similar  to  that  of  the  calculated  results  of 
Figure  1.  Figure  2(b)  plots  the  stopband  width  and  the  average  reflectivity  (average  of  the 
reflectivity  maxima  within  the  stopband)  as  a  function  of  anneal  duration.  Both  parameters 
remain  roughly  constant  for  anneal  durations  <  10  hours  and  the  reflectivity  itself  is  stable  for 
times  <  24  hours. 

The  doped  DBRs  exhibit  rapid  degradation  for  annealing  durations  of  <  1  hour.  The 
reflectivity  and  stopband  widths  decade  in  a  manner  similar  to  the  undoped  samples,  but  at  a 
much  accelerated  rate,  due  to  the  silicon  dopant  which  enhances  the  interdiffusion  of  A1  and 
Ga. 

Because  the  optical  properties  of  the  mirrors  can  be  calculated  as  a  function  of  Lp,  an 
estimate  of  the  interdiffusion  coefficient,  DAi-Ga^  for  the  doped  and  undoped  structures  is 
possible  by  using  the  stopband  width  as  a  fitting  parameter  and  relating  the  annealing  time  to 

diffusion  length  using  ^=DA1-G3t- 

The  undoped  mirrors  show  DAi-Ga  cm^/s,  which  is  in  the  range  of  values 

reported  for  undoped  Si02  capped  structures  at  identical  annealing  temperatures.  [13],  [14] 
Doped  mirrors  show  much  larger  DAi-Ga  ==4  x  10-15  cm^/s,  similar  to  values  measured  by  Mei 
et  al.  [15] 

Comparing  the  results  for  undoped  DBRs  to  results  for  undoped  heterostructures 
investigated  by  other  workers,  the  larger  measured  values  of  DA1-Ga=l  x  10-16  cm^/s  are  from 
samples  capped  with  electron-beam  evaporated  Si02  films.  [13]  The  smaller  measured  values 
of  DAI-Ga  X  10-1^  cm^/s  come  from  undoped  material  capped  with  Si02  deposited  by 
chemical  vapor  deposition  (CVD)  at  420  °C.  [14] 

The  difference  between  the  interdiffusion  coefficient  in  the  references  and  that  found  in 
this  work  may  result  from  quality  of  the  Si02  films,  the  least  porous  being  the  high  temperature 
CVD  film  and  the  most  porous,  the  electron-beam  evaporated  film.  More  porous  films  may 
allow  easier  outdiffusion  of  Ga  from  the  GaAs  DBR  surface  into  the  Si02  film,  thereby 
enhancing  the  generation  of  column  III  vacancies  necessary  for  interdiffusion.  [13] 


5.  Conclusion 

The  experiments  and  calculations  imply  that  moderate  layer  interdiffusion  will  not  change  the 
optical  properties  of  a  DBR,  but  for  diffusion  lengths  or  anneal  durations  greater  than  a 
threshold  diffusion  length  or  anneal  duration,  the  optical  properties  degrade  rapidly.  These 


stopband  Width  (nm) 
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results  indicate  that  to  obtain  a  desired  value  of  reflectivity  after  annealing,  the  numl^r  of 
mirror  periods  necessary  will  depend  on  the  duration  of  the  anneal  and  on  the  effective 
interdiffusion  coefficient,  which  itself  is  directly  dependent  on  doping  of  the  DBR  ^d  the 
annealing  temperature.  The  results  imply  that  annealed,  undoped  DBRs  should  maintain  their 
as-grown  characteristics,  due  to  the  typically  small  DAi-GaOf  undoped  structures.  Si  doped 
DBRs,  widely  used  in  vertical  cavity  optoelectronic  devices,  have  much  higher  DAi-Ga,  and 
degrade  even  for  short  annealing  durations.  Structures  must  be  designed  with  this  in  mind  by 
either  avoiding  doping  with  interdiffusion  enhancing  impurities,  reducing  anneal  times  and 
temperatures,  or  adding  periods  to  the  DBR  to  achieve  the  desired  reflectivity  after  annealing. 
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Abstract  In  this  study,  high  resolution  double  and  triple  axis  x-ray  diffractometry 
were  employed  to  resolve  superlattice  deviations  in  an  AlAs/GaAs  distributed  Bragg 
reflector.  This  work  focused  on  determining  whether  superlattice  imperfections  were 
caused  by  interfacial  roughness,  compositionally  graded  interfaces,  or  changes  in  pe¬ 
riod  thicknesses  of  a  systematic  or  random  format.  The  effects  of  such  imperfections 
on  the  DBR  optical  properties  are  calculated  and  discussed.  Double  axis  diffraction 
scans  revealed  the  reflector  to  be  of  excellent  crystalline  quality,  but  degradation 
and/or  splitting  of  the  high  order  satellite  peaks  indicated  a  non-perfect  periodicity. 
Comparison  between  experiment  and  dynamical  simulations  ruled  out  the  possibility 
of  compositionally  graded  interfaces  and  systematic  period  deviations.  Triple  axis 
reciprocal  space  mapping  showed  interference  effects  in  the  form  of  high  order  sat¬ 
ellite  peak  splitting,  and  an  absence  of  diffuse  scatter  from  interfacial  roughness,  in¬ 
dicating  that  the  perturbations  were  in  the  form  of  an  abrupt  but  randomly  deviated 
period  defined  by  a  standard  deviation  a  of  about  l%-2%.  The  results  were  con¬ 
firmed  with  transmission  electron  microscopy,  however  the  standard  deviation  was 
lower  (-0.5%  -0.7%). 


1.  Introduction 

Vertical  cavity  surface  emitting  laser  (VCSEL)  diodes  show  great  promise  for  use  in  inte¬ 
grated  optical  and  electronic  devices.  The  VCSEL  structure  consists  of  an  active  p-i-n  junction 
surrounded  by  distributed  Bragg  reflectors  (DBRs).  GaAs/AlAs  superlattice  (SL)  mirrors  repre¬ 
sent  a  natural  choice  for  DBRs  due  to  superior  material  properties.  Because  the  whole  structure 
is  epitaxially  grown,  control  of  crystal  growth  is  of  utmost  importance.  To  provide  enough  gain 
for  emission,  the  DBRs  must  be  >99%  reflective.  Furthermore,  the  DBRs  must  be  tuned  to  the 
emission  wavelength  of  the  active  layer.  In  general,  better  than  1%  accuracy  must  be  obtained 
for  both  layer  thickness  and  composition  to  realize  a  successful  device.[l]  For  a  two  dimensional 
array  of  lasing  diodes,  this  accuracy  must  extend  laterally  across  the  wafer  as  well.  Such  stan¬ 
dards  not  only  challenge  existing  growth  methods,  but  materials  characterization  techniques  as 
well. 

High  resolution  x-ray  diffraction  (HRXRD)  is  a  proven  method  for  the  study  of  strained 
layer  superlattices. [2]  [3]  The  technique  is  a  quick,  accurate,  non-destructive,  and  requires  no 
sample  preparation.  The  amount  of  information  available  with  x-ray  diffraction  depends  on  the 
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resolution  and  signal-to  noise  ratio  (s-n)  of  the  machine  used;  at  least  4-5  orders  of  magnitude  of 
diffracted  intensity  -  to  observe  the  typically  weaker  high  order  satellite  peaks  -  are  needed  to  re¬ 
solve  subtle  perturbations  in  an  actual  SL. 

Triple-axis  diffraction  (TAD)  is  becoming  increasingly  popular  as  a  means  to  separate 
strain,  tilt,  and  diffuse  scatter  (which  may  arise  from  rough  interfaces). [4]  In  the  presence  of  in¬ 
terface  roughness,  the  superposition  of  x-rays  scattered  diffusely  from  each  interface  should  be 
more  pronounced  in  the  high  diffraction  order  satellite  peaks.  This  effect  can  be  analyzed  in  a 
TAD  reciprocal  space  map  (RSM). 

The  effects  of  several  kinds  of  SL  defects  on  diffraction  measurements,  and  their  distinc¬ 
tions,  are  considered  in  our  study.  These  consist  of  compositionally  graded  interfaces,  and  pe¬ 
riod  fluctuations  of  random  and  systematic  formats.  The  effects  of  interface  roughness  are  also 
discussed.  Graded  interfaces  result  from  the  diffusion  of  A1  and  Ga  during  growth,  creating  non- 
abrupt  boundaries.  Random  deviation  is  described  by  individual  layers  (t^^A.,  or  which 
fluctuate  with  a  standard  deviation  (<7^^^^  or  a^^),  for  this  study.  Systematic  deviation,  or  drift, 
involves  layer  thicknesses  becoming  successively  either  smaller  or  larger  in  the  growth  direction, 

1. e.  from  t-a  to  t-f-a  for  increasingly  larger  layers. 

All  of  these  of  the  defects  either  lower  the  intensity  of  and/or  broaden  the  higher  order 
satellite  peaks.  A  careful  study,  however,  can  differentiate  between  their  respective  effects.  De¬ 
termination  of  the  type  of  period  deviation  may  be  crucial  to  device  operation.  For  instance,  the 
top  and  bottom  mirrors  may  be  completely  detuned  from  one  another  as  a  result  of  systematic 
variation.  The  effect  of  layer  thickness  variation  on  the  optical  properties  of  VCSEL  devices  has 
been  previously  reported.  [5]  Through  HRXRD,  we  obtained  the  SL  defect  structure  (layer  varia¬ 
tion,  etc.  ).  We  then  can  calculated,  using  transmission  matrices,  the  optical  properties  of  the 
device,  such  as  the  optical  reflectivity  and  phase  shift.  We  also  compare  the  calculated  results  to 
measurements  of  optical  reflectivity. 

2.  Experimental  Procedure 

In  this  study,  we  examined  an  MBE  bottom  DBR  mirror  structure,  grown  at  -580  °C.  It 
consists  of  a  3000  A  buffer  layer,  followed  by  15  periods  of  alternating  AlAs  and  GaAs  layers 
with  nominal  thicknesses  of  828  A  and  693  A,  respectively.  The  substrate  was  rotated  during 
growth  to  provide  uniformity  across  the  2"  (001)  GaAs  wafer.  The  HRXRD  measurements  were 
performed  using  a  Bede  D^  diffractometer[6]  (with  an  intensity  range  spanning  -5.5  orders  of 
magnitude).  More  precise  details  of  the  experimental  set-up  may  be  found  in  an  earlier  paper.[7] 
(002),  (004),  and  (006)  scans  were  generated.  X-ray  diffraction  curves  were  simulated  with  both 
commercial  software[8]  and  an  in-house  computer  program[9]  utilizing  dynamical  x-ray  diffrac¬ 
tion  theory.  Triple  axis  diffraction  measurements  were  performed  with  a  silicon  (111)  4-bounce 
channel-cut  crystal  between  the  sample  and  the  detector.  The  diffracted  intensity  was  mapped 
about  the  (004)  peak.  Conversion  from  diffractometer  coordinates  to  reciprocal  space  coordi¬ 
nates  followed  the  format  of  lida  and  Kohra.[10].  Optical  reflectivity  and  high  resolution  trans¬ 
mission  electron  microscopy  (TEM)  measurements  utilized  equipment  described  elsewhere.[ll] 
Optical  reflectivity  and  phase  shift  curves  were  simulated  using  the  transmission  matrix  method, 
taking  into  account  the  affects  of  absorption  and  dispersion.  [12] 
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3.  Results  and  Discussion 

Figure  1  (a)  shows  the  (004)  diffraction  peak.  The  presence  of  the  high  number  of  satellite 
peaks  suggests  a  high  crystalline  quality  of  the  DBR.  An  estimation  of  crystalline  quality  was 
attained  from  the  FWHM  of  the  substrate  and  zero  order  peaks  which  were  found  to  be  15.4  sec 
and  16.8  sec,  respectively  for  the  (004)  peak.  These  values,  which  are  higher  than  those  for  a 
perfect  sample,  stem  from  strain  in  the  DBR  which  introduces  wafer  curvature. [1 1]  The  radius 
of  curvature  in  our  sample  was  determined  to  be  approximately  200  m. 

While  the  low  order  satellite  peaks  (m<5,  where  m  is  the  satellite  order)  provide  SL  prop¬ 
erties  such  as  average  period  thickness  and  composition,  gaining  information  on  the  average  in¬ 
dividual  thicknesses  and  requires  the  presence  of  higher  order  satellite  peaks.  The 
high  order  peaks  provide  an  "envelope"  function  from  which  the  individual  layer  thicknesses  are 
obtained  by  matching  the  relative  peak  intensities. [13]  Fig.  1  shows  the  (004)  peak,  with  a  corre¬ 
sponding  simulation  matching  the  envelope  function.  As  seen  in  Fig.  1(a),  the  first  ±5  satellite 
peaks  are  well  matched,  however  the  goodness  of  fit  decreases  with  increasing  peak  order 
(satellites  -i-14  -  -i-22)  and  the  experimental  peaks  are  somewhat  broader  than  the  simulated  ones. 
This  is  due  to  imperfections  (possibly  compositional  transition  layers,  period  deviations,  etc.)  in 
the  SL  itself.  Since  the  high  order  satellite  peaks  represent  the  high  order  coefficients  of  the 

Fourier  transform  of  the  direct  space  SL 
structure,  they  are  sensitive  to  small  fluc¬ 
tuations  in  the  layer  thicknesses  and  inter¬ 
facial  grading. 

Comparison  of  the  HRXRD  data 
with  dynamical  simulation  ruled  out  the 
possibility  of  inteifacial  grading  greater 
than  20  A.  Adding  graded  interface  layers 
to  the  calculated  curves  lower  the  satellite 
peak  intensity,  but  do  not  cause  broadening. 
Fig.  1(b)  shows  the  best  fit  simulation  for 
the  (004)  diffraction  scan.  This  fit  was  ob¬ 
tained  by  introducing  a  randomly  varying 
period,  with  the  standard  deviation  of  pe¬ 
riod  thicknesses  and  layers  given  in  Table  I. 
The  (006)  and  (002)  scans  (not  shown)  ex¬ 
hibited  a  similarly  close  fit  between  ex- 

_  ,  ,  ,  „  ,  ,  ^  perimental  and  theoretical  curves. 

Fig.  1  -  (a)  Experimental  HRXRD  curve  solid,  and  r 

calculated  curve  with  perfect  SL  structure  (dashed).  effects  of  systematic  vs.  ran- 

and  (b)  The  Best-fit  simulation,  utilizing  random  pe-  dom  deviation  are  highlighted  in  Fig.  3,  for 

riod  thickness  deviations.  the  (004)  scan.  The  top  curve  shows  the 

same  layers  used  in  the  best  fit  simulation 
above,  but  with  the  layer  order  rearranged  with  the  period  becomes  smaller  with  the  growth  di¬ 
rection.  The  effects  of  this  arrangement  on  the  diffraction  scans,  particularly  the  satellite  peak 
shape,  are  clearly  visible. 
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Table  I.  Structural  parameters  of  the  best  fit  simulations  used  in  Figs.  1  and  2.  The  ± 
indicate  the  range  of  standard  deviations  needed  for  a  noticeable  degradation  of  fit. 


1  Layer 

Nominal 

Experimental  (avg.) 

o 

1  Period 

1521  A 

1575  A 

13.55  ±2  A 

828  A 

857  A 

13.05  ±  1  A 

1  T^aAs 

693  A 

718  A 

14.55  ±  1  A 

Fig.  2  -  HRXRD  simulations  employing  random(a), 
and  systematic  (b)  period  deviations  (layers  getting 
thinner  with  growth).  The  differences  are  mostly  ac¬ 
counted  for  in  the  skewness  of  the  SL  peaks. 


Another  disparity  between  random  and  sys¬ 
tematic  period  deviation  is  the  existence  of 
many  fine  "peaks"  between  satellite  peaks  in  the 
former  case  (as  shown  by  arrows  in  Fig.  3). [14] 
The  appearance  of  these  extra  peaks  is  attributed 
to  the  overlapping  of  satellite  peaks  from  peri¬ 
ods  of  varying  thicknesses.  These  peaks  were 
also  observed  in  the  experimental  scans,  sup¬ 
porting  the  conclusion  that  a  random  variation  is 
present.  This  variation  is  consistent  with  a  study 
by  Fernandez,  et  al  [15],  who  demonstrated  that 
random  variations  of  layer  growth  rates  were  on 
the  order  of  about  1%. 

A  triple  axis  RSM  is  shown  in  Fig.  3. 
The  horizontal  axis  (q^.)  of  the  RSM  represents 
crystal  strain  and  any  associated  interference  ef¬ 
fects.  Crystal  tilts  produce  intensities  extending 
along  the  vertical  axis  (q^,).  Diffuse  scatter,  aris¬ 


ing  from  a  decrease  in  the  spatial  coherence  of  the  diffracted  beam,  would  present  itself  as  a 
broad  central  hill  on  the  contour  plot[16],  centered  about  the  reciprocal  lattice  point.  Diffuse 
scatter  may  be  caused  by  structural  irregularities  such  as  islanding  between  the  AlAs/GaAs  inter¬ 
faces,  or  by  misfit  dislocations  (which  were  below  the  detectable  limit  for  this  sample).  [17]  We 


Fig.  3  -  RSM  about  the  (004)  reciprocal  lattice  point. 


measured  a  consistent  FWHM  (-11  sec)  of  the  satellite  peaks  along  the  q^,  axis,  indicating  a  lack 
of  notable  interfacial  roughness.  Again,  the  FWHMs  are  slightly  greater  than  predicted  by  dy¬ 
namical  theory  due  to  wafer  curvature.  Also  of  note  are  the  "extra"  peaks  between  the  SL  peaks 
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(due  to  period  deviations)  visible  through  the  analyzer  crystal  (the  +14  harmonic  on  the  right 
edge  of  the  picture  is  a  doubly  split  peak,  as  is  also  observed  in  the  double  axis  measurement. 

Fig.  4  shows  the  optical  reflectivity  meas- 
^  urement,  and  a  simulation  with  the  best-fit  HRXRD 

oa  ^  f  t  +1  structure.  The  simulation  fits  nicely  in  the  band- 

■■g  p  I  ^  energy  region,  however  the  oscillatory 

-2  f  P  fringes  at  shorter  wavelengths  are  not  matched. 

^04  ^  /  W  \s  \  ^  different  area  of 

^  W  P  ^  1?  I  the  wafer  was  measured  for  each  technique. 

02  u  ^  y  Figs.  5  and  6  show  calculations  of  the  opti- 

oJ - ^ ^ ^ ^ ^ -  cal  reflectivity  performance  of  the  DBR  with  ran- 

8BD  900  £00  1000  1C5)  110  110  dom  (Fig.  5)  and  systematic  (Fig.  6)  deviations  of 
Wid9i^(pT)  the  SL  layer  thicknesses.  Both  are  compared  to  the 

j  ^  j  1  /  X  calculated  optical  reflectivity  for  that  of  a  perfect 

Fig.  4  -  Measured  (— )  and  calculated  (ooo)  opti-  ^  t  i  ■  ,  , 

,  ,  ,  ,  .  SL  DBR.  For  the  calculations,  we  used  the  same 

cal  reflectivity.  The  calculated  value  assumes  ^  ^  ^  ^ 

,  ,  ^  TTr.^r.T^  layer  parameters  as  that  m  Fig.  2.  Interestingly, 

the  best-flt  parameters  from  HRXRD.  ^  ^  .....  .  ^ 

random  period  deviations  do  not  seem  to  greatly 
effect  the  DBR  performance.  Indeed,  random  de¬ 
viations  with  layer  thickness  variations  on  the  order  of  30A  did  not  perceptibally  change  the  re¬ 
flectivity  in  the  bandpass  region.  The  calculated  curve  is  much  more  effected,  however,  by  a 
systematic  period  thickness  deviation  (Fig  6).  Here,  the  critical  bandpass  region  is  shifted  and 
lowered,  which  may  be  devastating  to  device  performance.  Thus,  HRXRD  measurements  can 
distinguish  the  difference  between  systematic  and  random  period  deviations,  which  may  then  be 
applied  to  predict  the  DBR  device  performance. 


High  resolution  TEM  measurements  were  performed  to  measure  the  thicknesses  of  each 
layer.  The  average  TEM  thicknesses  were  846  A  and  723  A,  for  the  AlAs  and  GaAs  layers,  respec¬ 
tively;  these  were  found  to  have  random  variations;  the  standard  deviation  of  layer  thicknesses  was 
found  to  be  5  A  and  4  A,  respectively;  lower  than  the  result  from  HRXRD.  This  discrepancy  is 
partly  due  to  the  fact  that  different  portions  of  the  wafer  were  examined  in  each  experiment.  More 
importantly,  HRXRD  integrates  a  large  physical  area  (compared  to  TEM)  into  the  measurement. 
Thus,  lateral  variations  in  layer  thicknesses  may  contribute  to  the  “randomness”  of  the  structure  as 
seen  in  the  x-ray  diffraction  scans. 


4.  Conclusion 


In  summary,  high  resolution  x-ray  techniques  were  utilized  to  obtain  the  true  SL  defect 
structure  from  proposed  models.  A  systematic  study  showed  that  this  particular  SL  did  not  exhibit 
inteifacial  grading  or  roughness,  and  superlattice  period  deviations  were  found  to  be  randomly  ar¬ 
ranged  with  a  standard  deviation  of  about  1.5%  to  2.0%  for  each  quarter  wave  stack  throughout  the 
structure.  The  precision  of  this  technique  was  exhibited  by  extremely  close  fits  between  experiment 
and  dynamical  x-ray  diffraction  theory.  The  results  agreed  with  optical  reflectivity  measurements, 
and  to  some  extent  with  TEM  measurements,  which  confirmed  that  the  layer  thicknesses  were  ran¬ 
domly  varying  from  layer  to  layer,  although  to  a  lesser  extent  than  the  HRXRD  results. 

Furthermore,  the  optical  reflectivity  was  calculated  for  both  randomly  and  systematically 
varying  layer  thicknesses;  it  was  shown  that  systematic  period  deviation  has  a  much  greater  effect  on 
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the  optical  properties.  Additionally,  the  phase  shift  on  reflection  (not  shown)  is  also  much  greater  in 
the  systematic  arrangement.  This  phase  shift  can  be  calculated  by  directly  applying  the  stmctural 
parameters  derived  by  HRXRD.  Thus  it  is  shown  that  HRXRD  can  not  only  provide  accurate  struc¬ 
tural  information  to  improve  the  growth  process,  but  can  be  used  to  predict  DBR  optical  properties, 
such  as  reflectivity  and  the  phase  shift  on  reflection,  as  well.  Future  work  will  foacus  on  full  VCSEL 
stmctures, 


Fig.  5  -  Calculated  optical  reflectivity  curve  for  a 
perfect  SL  (+++)  and  a  SL  containing  random  pe¬ 
riod  deviations. 


Fig.  6  -  Calculated  DBR  optical  reflectivity  curve  for 
a  perfect  SL  (+++)  and  a  SL  with  a  systematic  period 
thickness  deviation  become  smaller  with  growth. 
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0.85-|Liin  8x8  Bottom-Surface-Emitting  Laser  Diode 
Arrays  Grown  on  AlGaAs  Substrates  by  MOCVD 


Yoshitaka  Kohama,  Yoshitaka  Ohiso,  Chikara  Amano,  and  Takashi 
Kurokawa 

NTT  Opto-electronics  Laboratories,  3-1  Morinosato-Wakamiya, 
Atsugi-shi,  Kanagawa  243-01,  Japan 

Abstract  The  first  0.85-|a,m  bottom-emitting  surface-emitting  laser  diodes 
(SELDs)  were  made  by  using  novel  0.85-)im  transparent  substrates.  Substrate 
cleaning  and  the  introduction  of  a  buffer  layer  were  keys  to  acquiring  excellent 
epilayers  on  AlGaAs.  The  laser  characteristics  of  those  SELDs  are  the  same  as 
those  of  SELDs  grown  on  a  GaAs  substrate.  We  also  fabricated  8x8  independently 
addressable  SELD  arrays  that  exhibited  good  lasing  characteristics  and  uniform 
threshold  current  density. 


1.  Introduction 

Surface-emitting  laser  diodes  (SELDs)  offer  many  advantages  over 
conventional  edge-emitting  lasers.  These  advantages  include  a  noncleaving 
fabrication  process,  a  circular  light  output  mode,  high  two-dimensional  packing 
density  for  arrays,  single  longitudinal  mode  emission  due  to  their  short  cavity 
length  (about  300  nm),  and  wafer-scale  testing  [1].  0.85-pm  SELDs  are  more 
promising  than  0.98-p.m  ones  from  the  viewpoint  of  application  to  optical 
interconnection  because  sensitive  Si  or  GaAs  photodetectors  and  optical 
components  such  as  lens,  fibers,  and  PBS  are  readily  available.  Because  GaAs 
substrates  are  opaque,  all  the  SELDs  reported  in  the  0.85-iLim  band  were  of  the 
top-emitting-type,  which  emits  light  from  the  front  surface.  Bottom-emitting 
SELDs,  however,  like  the  conventional  0.98-pm  ones  that  emit  light  from  the 
bottom  surface,  have  many  advantages  over  top-emitting  SELDs:  thermal 
dissipation  is  better  in  a  junction-down  structure,  the  structure  is  optically 
accessible  from  both  faces,  and  device  fabrication  is  easier.  Etching  the  substrate 
to  emit  lasing  light,  however,  it  is  difficult  and  complicated  [2].  This  etching 
technique  is  not  also  suitable  for  an  array  structure. 

In  this  paper,  we  report  the  first  0.85-pm  bottom-emitting-type  SELDs 
made  by  using  metalorganic  chemical  vapor  deposition  (MOCVD)  to  grow  SELDs 
on  0.85-p.m  transparent  AlGaAs  substrates.  Most  reported  SELDs  have  been 
grown  by  molecular  beam  epitaxy  (MBE);  there  have  been  only  a  few  reports  on 
SELDs  grown  by  using  MOCVD  [3].  This  is  because  MBE  growth  is  thought  to  be 
better  than  MOCVD  in  terms  of  the  layer  thickness  uniformity  over  the  wafer. 
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ease  and  accuracy  of  growth  rate  control  by  in-si tu  monitoring,  and  freedom  from 
toxic  gases  like  AsHa  or  SiH4.  The  high  productivity  and  throughput  of  MOCVD, 
however,  make  it  desirable  for  growing  SELDs. 

2.  Experimental 

The  SELDs  were  grown  on  n-type  35x35-mm  AlGaAs  substrates  (A1 
content  was  about  0.1)  by  low-pressure  MOCVD.  Very  thick  AlGaAs  liquid-phase- 
epitaxy-grown  epilayers  on  GaAs  substrates  were  used  as  the  AlGaAs  substrates 
[4].  Typical  growth  conditions  were  as  follows:  the  pressure  was  0.1  atmosphere, 
the  growth  temperature  was  700-750  °C,  and  the  growth  rate  was  3.2  pm/h 
except  when  growing  certain  parts  of  the  active  layer.  This  growth  rate  is  three 
times  that  of  conventional  MBE,  and  the  total  growth  time  was  greatly  reduced: 
to  about  4.5  hours.  Figure  1  schematically  shows  the  bottom-emitting  SELD 
structure,  which  consists  of  a  buffer  layer  and  a  p-i-n  junction  with  bottom  and 
top  distributed  Bragg  reflectors  (DBRs).  A  thin  G^s  buffer  layer  was  introduced 
on  the  AlGaAs  substrate  to  improve  the  quality  of  epilayers.  The  Si-doped  bottom 
DBR  had  28.5  pairs  of  an  AlAs/Alo.isGao.ssAs  optical-quarter-wave  stack.  The 
undoped  spacer  region  consisted  of  six  Alo.2Gao.8As/GaAs  multiple-quantum-well 
layers  as  an  active  region  sandwiched  between  two  Alo.3Gao.7As  layers.  The  C- 
doped  top  DBR  consisted  of  30  pairs  of  AlAs/Alo.isGao.ssAs  layers  with  a  10-nm- 
thick  intermediate  Alo.5Gao.5As  layer.  For  array  structures,  the  individual 
elements  of  a  SELD  array  were  isolated  by  using  CI2  reactive  ion  etching  and  wet 
etching  to  etch  just  through  the  active  layer.  After  the  individual  array  elements 
were  planarized  using  polyimide,  a  Si02  layer  was  selectively  deposited  to 
electrically  isolate  them.  Gold  was  deposited  to  bond  the  individual  elements  and 
electrode  pads.  Finally,  an  anti-reflection  coating  layer,  (Si02)  was  coated  onto  the 
back  surface.  The  diameters  of  the  individual  elements  were  16,  21,  or  26  pm;  the 
distance  between  the  individual  elements  on  a  chip  was  250  pm;  and  the  unit 
array  occupied  on  an  area  of  3x3  mm.  The  arrays  were  mounted  on  ceramic 
packages,  and  Au  wires  were  bonded  from  the  electrode  pads  to  electrodes. 

3.  Results 

AlGaAs  substrates  oxidize  because  the  aluminum  readily  bonds  with  oxygen; 
and  the  epilayers  we  grew  on  AlGaAs  by  conventional  MBE  therefore  had  poor 
crystal  quality.  We  found  that  to  improve  the  surface  morphology  of  epilayer  on 
AlGaAs  it  was  important  to  clean  the  substrate  before  growth  and  to  introduce  a 
GaAs  buffer  layer.  To  clean  the  substrate  we  etched  it  deeply  with  H2S04:H202: 
H2O  (4:1:1)  and  then  loaded  it  into  the  MOCVD  apparatus  as  soon  as  possible.  As 
for  the  buffer  layer,  growing  AlGaAs  directly  on  an  AlGaAs  substrate  resulted  in 
morphology  worse  than  that  of  AlGaAs  grown  on  GaAs  (Fig.  2).  This  is  thought  to 
be  because  the  initial  growth  of  AlGaAs  readily  becomes  three-dimensional 
growth.  Figure  3  shows  how  surface  defect  density  and  absorbance  at  850  nm 
depend  on  the  thickness  of  the  GaAs  buffer  layer.  The  surface  defect  density  of  an 
epilayer  grown  in  this  study  is  one-tenth  that  of  epilayers  grown  by  conventional 
method.  As  the  buffer  layer  gets  thicker,  the  surface  defect  density  drops 
dramatically  but  absorbance  increases.  A  100-nm-thick  GaAs  buffer  layer  was 
therefore  introduced  and  its  transmissivity  at  0.85  pm  was  expected  to  be  about 
90%. 

Figure  4  shows  that  the  typical  characteristics  of  light  output  and  voltage  as 
functions  of  injected  current.  The  typical  threshold  current  and  threshold  current 
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density  were  4.58  mA  and  1.4  kA/cm2  for  elements  21  |im  in  diameter.  The 
external  quantum  efficiency  was  2.9  %.  The  optical  output  power  was  almost  the 
same  as  that  of  the  elements  grown  on  GaAs  substrates  with  the  same  total 
reflectivity,  so  the  absorbency  of  the  AlGaAs  substrate  has  little  effect  on  laser 
optical  power.  Figure  5  shows  the  dependence  of  the  threshold  current  density  and 
the  threshold  voltage  on  element  diameter  for  elements  on  GaAs  substrates  (top- 
emitting  type)  and  for  elements  on  AlGaAs  substrates  (bottom-emitting  type).  By 
considering  absorption  in  layers,  the  total  reflectivity  was  adjusted  to  give  the 
same  value  for  both  types  of  elements.  When  the  element  diameter  is  less  than 
20  |Lim,  the  threshold  current  density  increases  gradually  because  of  surface 
recombination  on  the  side  wall  of  the  element.  In  terms  of  the  threshold  current 
density,  the  lasing  characteristics  for  AlGaAs  elements  were  almost  the  same  as 
those  for  GaAs  elements.  This  indicates  that  the  crystallinity  of  the  epilayer  on 
AlGaAs  is  good.  The  threshold  voltage  for  AlGaAs  was  3.1  V,  which  is  0.6  V  higher 
than  that  for  GaAs.  This  higher  threshold  is  due  to  the  larger  number  of  pairs  in 
the  p-type  DBR. 

The  variation  of  the  threshold  current  across  an  8x8  array  is  shown  in  Fig.  6. 
The  diameter  of  the  individual  elements  was  21  |xm.  They  all  performed  as 
expected  at  room  temperature  under  CW  operation.  The  mean  value  ±  the 
standard  deviation  of  the  threshold  current  density  was  4.73  ±  0.25  mA,  and  the 
mean  value  ±  the  standard  deviation  of  the  lasing  wavelength  was  844.72  ±1.70 
nm.  The  deviation  of  the  threshold  current  is  almost  as  small  as  any  ever  reported 
[5] .  Because  the  deviations  in  the  threshold  current  come  from  process  variations 
rather  than  fluctuations  in  the  thicknesses  of  layers,  we  should  get  better 
uniformity  when  we  improve  process  conditions. 

4.  Conclusion 

We  have  demonstrated  0.85-pm  SELDs  grown  on  novel  AlGaAs  substrates. 
The  keys  to  obtaining  a  high-quality  epilayer  are  to  clean  the  substrate  and  use  a 
GaAs  buffer  layer.  The  characteristics  of  these  SELDs  were  the  same  as  those  of 
SELDs  made  on  a  GaAs  substrate.  We  also  fabricated  8x8  independently 
addressable  SELD  arrays  and  obtained  uniform  laser  array  characteristics. 
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Fig.  2.  Photographs  of  epiiayer  surfaces  on  two 
types  of  100-nm-thick  buffer  layers. 
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Fig.  1.  Schematic  diagram  of  the  bottom- 
surface-emitting  laser  diode  arrays  grown  on 
AIGaAs  substrate. 


Fig.  4.  Light-current  characteristics  for  the  bottorrl 
surface-emitting  laser  diode  grown  on  AIGaAl 
substrate.  I 


Fig.  3.  Dependence  of  surface  defect  density  and 
absorbance  at  0.85  pm  on  GaAs  buffer  layer 
thickness. 
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Fig.  5.  Threshold  current  and  threshold  voltage  as  Fig.  6.  Variations  in  the  threshold  current  aero: 
functions  of  mesa  diameter.  an  8x8  array. 
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ABSTRACT:  Vertical-cavity  surface-emitting  lasers  (VCSELs)  with  lateral 
current  injection  via  the  doped  P-AlGaAs  cladding  layer  have  low  series  resistances 
around  10012  and  low  threshold  voltages  around  2V.  VCSEL  diodes  with  three 
strained  Ino  lyGao  nsAs  QWs  in  the  cavity  show  cw  threshold  currents  of  only  1.2mA 
and  optical  output  powers  of  ImW.  The  threshold  current  and  the  laser  efficiency  are 
limited  essentially  by  current  spreading  due  to  the  lateral  injection.  Lateral  current 
confinement  is  improved  by  introducing  a  50nm  thick  n-type  GaAs  current  blocking 
layer  into  the  p-doped  cladding.  The  laser  diodes  are  structured  by  selective  removal 
of  this  layer  in  the  cavity  and  subsequent  growth  of  the  top  Bragg  mirror  in  a  second 
MBE  growth  sequence.  Threshold  currents  can  be  reduced  by  a  factor  between  2  and 
5,  depending  on  the  aperture  in  the  blocking  layer. 


1.  Introduction 

In  the  last  years  VCSELs  found  great  interest  for  potential  applications  in 
optoelectronic  systems.  Whereas  low  cw  threshold  currents  have  been  reported 
repeatedly,  most  of  the  devices  have  rather  high  series  resistances  and  high 
operating  voltages  [e.g.  1,2].  Low  series  resistances  and  low  lasing  threshold 
voltages  around  1.5V  have  been  obtained  by  using  doped,  piecewise  linearly 
graded  distributed  Bragg  reflectors  (DBRs)  [3].  We,  alternatively,  achieved  low 
series  resistances  of  SOiQ  and  comparable  threshold  voltages  by  using  lateral 
current  injection  via  both,  n  and  p-doped,  cladding  layers  in  the  cavity  [4,5]. 
Lateral  contacting  leads  to  current  spreading  outside  the  optical  resonator. 
Furthermore  it  requires  thick  claddings  and  thus  a  long  cavity,  which  reduces 
the  longitudinal  confinement  factor.  These  two  effects  increase  the  threshold 
current  and  limit  the  laser  output  efficiency. 

We  improved  the  optical  confinement  by  a  reduction  in  cladding  thickness  and 
cavity  length.  Thin  n-cladding  layers  and  doped  n-DBRs  were  used  for  the  n- 
contact.  Lateral  injection  for  holes  was  retained,  since  the  series  resistance  with 
vertical  current  injection  is  dominated  by  the  multi-heterobarriers  of  p-type 
DBRs.  Additionally,  the  current  was  confined  in  the  optical  resonator  by 
inserting  a  n-GaAs  blocking  layer  into  the  P-AlGaAs  cladding  in  the  contact 
regions  [6,7,8]. 
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Fig.l:  Vertical  layer  structure  for  resonators  a.)  without  and  b.)  with  current  blocking  layer.  The 
solid  horizontal  line  in  b.)  indicates  the  surface  for  the  second  MBE  growth  sequence. 


2.  VCSELs  with  lateral  current  injection 

Fig.  la  schematically  shows  VCSELs  with  lateral  p-contacts,  depicting  epitaxial 
layer  structure  and  lateral  dimensions.  Compared  to  our  previous  design  [4,5], 
where  both  top  and  bottom  cladding  layers  were  contacted,  these  diodes  have  a 
lateral  contact  to  the  P-AlGaAs  only,  with  electron  injection  from  the  substrate. 
This  reduces  the  inner  cavity  length  significantly  from  12  to  7  half  wavelengths, 
increasing  the  longitudinal  confinement  factor  from  0.016  to  0.023.  The  active 
region,  although  asymmetrically  placed,  is  still,  however,  at  an  antinode  of  the 
resonator. 

The  bottom  n-doped  DBR,  with  26.5  pairs  of  Ay4-AlAs/GaAs  stacks,  is  grown  on  a 
n-GaAs  substrate  with  a  nominal  Si-concentration  of  ITO^^cm"  .  The  N- 
Alo.35Gao.65As  cladding  (Si:  l  lO^^cm'^)  is  llOnm  thick,  followed  by  the  undoped 
active  region  with  three  strained  Ino  i7Gao.83As  QWs  of  8nm  width,  separated  by 
GaAs  barriers  and  spacers  of  lOnm  thickness.  The  top  P-Alo.35Gao.65As  cladding 
(Be:  l  lO^^cm'^)  is  850nm  thick  to  facilitate  lateral  contacting.  The  undoped  DBR 
consists  of  18  pairs  of  Ay4-AlAs/GaAs  stacks  (see  Fig.  la). 

Double  mesa  diodes,  with  var^dng  diameters  d-p  and  dg,  are  structured  by 
reactive  ion  etching  (RIE)  and  selfadjusted  ohmic  contacting  [4,5].  Whereas  our 
previous  diodes,  with  two  lateral  contacts,  had  differential  series  resistances 
below  50f2,  the  injection  over  the  n-DBR  leads  to  increased  resistances  of  about 
lOOn  for  our  present  diodes  (measured  for  2*1^^  with  dg  and  d^  22  and  12pm). 
Fig. 2  shows  cw  light  vs.  current  characteristics  for  different  lateral  dimensions. 
For  top  mesa  diameters  dp  smaller  than  6|im  single  mode  operation  is  observed. 
These  diodes  have  threshold  currents  between  1.2  and  2mA.  The  highest 
external  differential  quantum  efficiencies  were  measured  to  9%  for  diodes  with 
dp  between  8  and  12pm,  with  output  powers  saturating  at  approximately  ImW. 

It  is  obvious,  however,  that  in  the  design  investigated  here,  the  major  part  of  the 
current  flows  outside  the  optical  resonator.  This  unwanted  current  can  be 
reduced  by  insertion  of  a  blocking  layer  into  the  top  cladding  for  lateral  current 
confinement. 
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Fig.2:  L-I-characteri  sties 
of  one-sided  laterally 
contacted  VCSELs  with 
different  mesa  diameters 
dx/djB  in  cw  operation  at 
20"C. 
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3.  VCSELs  with  buried  blocking  layers 

The  incorporation  of  an  additional  blocking  layer  into  the  resonator  structure 
requires  a  two-step  MBE  growth  [6,7,8].  In  the  first  growth  sequence  the 
unchanged  bottom  DBR,  the  N-AlGaAs  cladding,  the  active  region,  and  a  lOOnm 
thick  fraction  of  the  P-AlGaAs  cladding  are  grown,  followed  by  a  50nm  thick 
GaAs  layer  with  n=2T0^^cm'^  forming  a  reversely  biased  blocking  junction. 
Apertures  with  diameters  b  between  1  and  10  pm  are  opened  in  this  layer  by 
selective  RIE  with  CC12F2.  In  the  second  growth  run  the  remaining  750nm  of  the 
P-AlGaAs  cladding  and  the  top  DBR  are  grown.  The  optical  resonator  is  thus 
essentially  unchanged.  The  thickness  of  the  GaAs  blocking  layer  is  limited  to 
approximately  50nm  to  obtain  planar  growth  without  excessive  facetting  at  the 
edges.  Low  growth  temperatures  of  around  540°C  further  serve  to  reduce  lateral 
dimensions  of  the  higher  indexed  facets.  MBE  regrowth  requires  a  GaAs  growth 
surface  for  in-situ  oxide  desorption.  Therefore  GaAs  is  used  instead  of  AlGaAs; 
the  blocking  layer  actually  consists  of  50nm  GaAs  and  two  sacrificial  few  nm 
thick  AlGaAs  and  GaAs  layers,  which  make  growth  on  a  GaAs  surface  possible  in 
the  aperture,  too  [7,8].  For  aperture  diameters  smaller  than  the  top  mesa  (b  <  d-p, 
see  Fig.l)  current  flow  is  thus  effectively  confined  to  the  resonator.  The  proces¬ 
sing  of  the  diodes  is  identical  with  that  for  VCSELs  without  confinement  layer 
[5]. 

Fig.  3  compares  the  output  characteristics  for  VCSELs  with  and  without 
blocking  layer  fabricated  on  the  same  wafer.  VCSELs  with  lateral  confinement 
show  concentrated  current  flow,  evident  from  the  reduction  in  threshold  current 
by  factors  between  2  and  5  depending  on  device  dimensions.  Moreover,  the 
threshold  current  becomes  independent  on  the  mesa  diameters  and  is  now 
determined  by  the  hole  diameter  in  the  blocking  layer  only.  For  hole  diameters 
smaller  than  6pm  no  laser  emission  is  observed.  Possible  reasons  are  the  non- 
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radiative  recombination  at  defects  caused  by  the  regrowth,  dominating  for  small 
apertures,  or  an  “unstable”  resonator  configuration  due  to  the  facetting.  For  the 
investigated  wafer  the  emission  wavelength  for  VCSELs  without  blocking  layer 
is  around  950nm,  while  the  QW  emission  is  at  970nm.  These  diodes,  therefore, 
show  only  pulsed  operation,  and  have  threshold  currents  which  are  increased  by 
a  factor  of  2.5  compared  to  the  well  matched  resonators,  described  in  the 
previous  section.  On  the  other  hand,  cw  operation  is  observed  from  VCSELs  with 
blocking  layers  at  an  emission  wavelength  of  942nm,  in  spite  of  an  even  larger 
mismatch  in  the  emission  wavelengths  of  the  lasers  and  the  QWs. 

We  gratefully  acknowledge  the  financial  support  of  the  Bundesminister  fur 
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Abstract.  MBE  growth  of  bulk-like  layers  of  short-period  (AIAs)j^(GaAs)j^ 

superlattices  as  replacement  for  alloy  AlGaAs  is  reported.  Structures  with  mean  Al-contents 
up  to  0.8  were  characterised  by  high-resolution  X-ray  diffraction  and  by  quantitatively 
evaluated  high-resolution  TEM.  Sample  periodicity,  the  profile  of  Al-content  on  an  atomic 
scale  and  the  influence  of  growth  parameters  are  presented.  Photoluminescence  shows  that 
optical  quality  comparable  to  that  of  the  best  alloy  materials  can  be  attained  even  at  growth 
temperatures  low  enough  to  avoid  Ga  desorption  (610°C).  Employing  superlattices  grown  in 
this  way,  high  optical  confinement  InGaAs-SQW  laser  structures  and  vertical  cavity  lasers 
emitting  at  ~  980  nm  were  realised  with  threshold  current  densities  of  85  A/cm^  and  400 
A/cm^,  respectively. 


1.  Introduction 

The  MBE  growth  of  AJGaAs  with  high  optical  quality  -  as  it  is  essential  for  application  in 
lasers  -  is  usually  performed  at  high  growth  temperatures.  To  our  knowledge,  in  all  reported 
(In)GaAs/AIGaAs  lasers  with  threshold  current  densities  below  100  A/cm^,  the  AGaAs 
layers  were  grown  at  ~  700°C  [e.g.  1].  Whereas  the  desorption  of  Ga  occuring  at  these 
temperatures  may  aid  in  the  desorption  of  unwanted  oxygen  [2],  small  variations  in  growth 
temperature  will  cause  fluctuations  in  both  composition  and  thickness  of  AGaAs  layers. 
Especially  for  vertical  cavity  surface  emitting  lasers  (VCSELs)  this  is  expected  to  limit  the 
device  yield  substantially.  Therefore  the  aim  of  this  study  was  the  MBE  growth  of  low 
threshold  lasers  entirely  in  the  regime  where  Ga-desorption  is  negligible  (i.e.  below  610°C). 

One  way  to  avoid  elevated  MBE  growth  temperatures  for  AGaAs  is  the  use  of 
cracked,  i.e.  dimeric  arsenic  [3],  Aternatively,  the  replacement  of  alloy  AGaAs  by  short- 
period  superlattices  (SPS),  i.e.  by  multilayers  of  the  type  (AAs)n(GaAs)i^  seemed  very 
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promising  since  quantum  wells  with  thin  SPS  barriers  are  reported  to  show  superior 
photoluminescence  [4]  and  have  been  successfully  employed  in  lasers  [3], 

Since  very  little  is  known  about  the  growth  and  properties  of  bulk-like  SPS  material 
we  have  grown  '-I  pm  thick  SPS  layers  and  have  analysed  them  by  high-resolution  X-ray 
diffraction  (HRXRD),  high-resolution  transmission  microscopy  (HRTEM)  and  by 
photoluminescence  (PL),  if  their  bandgap  is  direct.  Based  on  this,  conventional  lasers  with 
high  optical  confinement  and  VCSELs  were  fabricated,  replacing  all  bulk  AlGaAs  by  SPS 
layers  and  employing  low  growth  temperatures  throughout. 

2.  Growth  and  characterisation  of  SPS  layers 

2.1.  MBE  growth 

1.0  -  1.3  pm  thick  SPS  layers  were  grown  with  a  periodicity  n  +  m  =  10  monolayers.  Thus 
1  pm  of  material  consists  of  ~  360  periods  of  (AlAs)n(GaAs)iY^. 

Growth  was  performed  in  a  standard  solid  source  MBE  system  with  magnetically 
coupled,  sinusoidally  driven  shutters  [5].  The  mean  Al-contents  x  a1  were  set  around  0.3  and 
0.8.  GaAs  and  AlAs  growth  rates  were  0.28  and  0.12  nm/sec  and  tetrameric  As  was  always 
used.  The  ratio  of  beam  equivalent  pressures  of  As  and  Ga  was  kept  at  about  22. 

Whereas  previous  experiments  with  the  growth  of  AJj^Gaj.j^As  with  x^  «  0.8  had 
shown  that  reasonable  surface  morphology  could  only  be  attained  by  growth  above  720  C, 
we  find  that  SPS  layers  with  similar  Al-content  can  be  grown  with  excellent  surface 
morphology  over  the  whole  range  of  growth  temperatures  investigated  (580  -  680°C). 
Apparently,  the  intermittent  smoothing  of  the  growth  front  during  the  growth  of  the  GaAs 
layers  is  sufficient  to  suppress  any  roughening.  680°C  is  the  practical  upper  limit  for 
controllable  growth,  since  in  the  growth  of  SPS  layers  Ga  desorption  becomes  noticeable  (see 
below)  at  lower  temperatures  than  in  AlGaAs  growth. 

2.2.  High-resolution  X-ray  diffraction  and  high-resolution  TEM 

HRXRD  was  performed  and  the  measured  satellite  reflectivities  were  compared  to  those 
calculated  with  dynamical  theory  using  angle  dependent  structure  factors.  This  provides 
precise  information  about  superlattice  periodicity,  mean  lattice  mismatch  (and  thereby  about 
X  Ai)  as  well  as  the  thicknesses  of  the  GaAs  and  AlAs  layers.  The  decay  of  the  reflectivities  of 
satellites  of  increasing  order  was  described  by  a  one-dimensional  Debye-Waller  factor, 
yielding  the  fluctuations  in  periodicity  [6,7].  Results  for  five  samples,  grown  at 

different  temperatures  in  the  range  of  low  Al-contents,  are  given  in  table  1.  All  were  grown 
with  the  same  beam-flux  settings  and  shutter  timings,  aimed  at  achieving  a  SPS  with  n  =  3, 
m  =  7.  Superlattice  peaks  are  clearly  observed  for  all  these  samples,  but  we  find  that  their 
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Table  1: 


Summary  of  results  from  X-ray  diffraction  and  photoluminescence  (2  K) 
X  -  ray  diffraction  photoluminescence 


sample 

grown  at 

d(AlAs) 

d(GaAs) 

XAl 

<Ad2>'/^ 

HIH 

FWHM 

1 

580  °C 

0,892  nm 

2.120  nm 

0.296 

0.29 

0.264 

7.3  meV 

2 

610°  C 

0.915  nm 

2.122  nm 

0.301 

0.35 

0.268 

6.6  meV 

3 

640°  C 

0.924  nm 

2.037  nm 

0.312 

0.61 

0.283 

8.0  meV 

4 

660°  C 

0.924  nm 

1.987  nm 

0.317 

0.60 

0.289 

11.0  meV 

5 

680°  C 

0.939  nm 

1.317  nm 

0.416 

'  0.66 

0.392 

22.0  meV 

intensities  vary  systematically  with  growth  temperature.  Whereas  the  AJAs  thickness  is 
roughly  the  same,  the  GaAs  thickness  decreases  significantly  with  growth  temperature. 
Correspondingly,  increases  from  0.30  to  0.42.  Similarly  the  thickness  fluctuations 
increase  by  more  than  a  factor  of  two  with  increasing  growth  temperature.  Thus,  the 
structurally  most  perfect  SPS  layers  are  obtained  at  low  growth  temperatures.  For  SPS  layers 
with  high  Al-content  this  is  even  more  essential,  since  such  samples  grown  at  or  above  660°C 
do  not  show  superlattice  peaks. 

HRTEM  and  quantitative  evaluation  of  image  contrast  [8]  were  applied  to  find  the 
profile  of  the  Al-content  along  the  growth  direction.  Unlike  XRD  which  reveals  fluctuations 
averaged  over  the  whole  sample  thickness,  this  gives  a  local  image  of  interface  abruptness. 
The  HRTEM  image  for  a  cleaved-edge  specimen  of  sample  1  and  the  mean  AJ-contents 
(error  ±  0.1)  for  two 
superlattice  periods 
(averaged  over  a  total  of 
14  cation  rows  at  a 
thickness  of  10  nm)  are 
shown  in  fig.  1. 

Fig.  1: 

HRTEM  image  of  a  cleaved 


edge  of  sample  1. 

The  local  Al-contents  shown 
in  the  lower  part  of  the 
figure  are  the  results  of  a 
quantitative  evaluation  of 
image  contrast  (see  text). 

In  this  sample  as  well  as 
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in  sample  5  a  spreading  of  the  interface  over  2  -  3  cation  layers  is  observed  Previously  we 
have  shown  [8]  that  under  similar  growth  conditions  a  spread  over  one  intermediate  layer  can 
be  achieved  in  double  barrier  quantum  well  structures.  The  larger  spread  in  SPS  layers  is  very 
likely  due  to  a  cumulation  effect  and  to  the  fact  that  the  GaAs  layers  (which  smooth  out 
roughness)  are  thinner  in  these  samples. 

2.3.  Low  temperature  photoluminescence 

Data  from  photoluminescence  at  2  K  are  presented  on  the  right  hand  side  of  table  1 .  The 
systematic  variation  in  peak  positions  and  widths  with  growth  temperature  corresponds^  well 
to  our  results  from  HRXRD  (The  systematic  difference  between  PL  and  HRXRD  for  x  a1  is 
due  to  the  commonly  used  dependence  between  PL  peak  position  and  x^).  HRXRD  reveals 
that  the  peak  shift  between  samples  1  and  2  is  not  due  to  Ga  desorption  but  to  a  smaller  AlAs 
layer  thickness  in  sample  1.  Thus  it  can  be  assumed  that  desorption  of  Ga  becomes  effective 
above  610°  C,  but  we  find  that  it  is  more  pronounced  than  in  the  growth  of  AlGaAs.  This  is 
explained  by  the  fact  that  the  rate  of  Ga  desorption  from  AlGaAs  [9]  is  proportional  to  the 
surface  coverage  with  Ga,  which  in  a  SPS  is  periodically  very  high. 

With  the  exception  of  sample  5  which  shows  a  strongly  broadened  line,  all  PL  spectra 
consist  of  single,  rather  narrow  lines  and  exhibit  no  second  low  energy  peak.  Such  a  rather 
wide  second  peak  ("pair  transition")  is  generally  observed  in  all  but  the  very  best  bulk  AlGaAs 
samples  and  is  associated  with  impurity-related  transitions.  Unless  SPS  samples  behave 
differently  in  this  respect,  the  absence  of  pair  transitions  can  be  taken  as  an  indication  of 
excellent  optical  quality.  The  linewidths  we  find  (6.6  meV  FWHM  for  sample  2)  are  larger 
than  those  for  AlGaAs  but  still  indicate  a  (mini-)band  to  (mini-)band  transition.  A  more 
detailed  study  of  the  optical  and  electrical  properties  of  some  of  our  samples  is  given  in  [10], 

3.  Device  results 

3.1.  Broad  area  SQW  test  lasers 

The  results  from  photoluminescence  have  prompted  us  to  grow  single  quantum  well  (SQW) 
Ino  2Gao  gAs/Al^Gai.xAs  separate  confinement  laser  structures  employing  SPSs  for  both 
the  cladding  layers  (1pm  thick,  x  a1  =  0-8)  and  the  waveguide  layers  (2x  1 15  nm  thick,  x  a1  = 
0.35).  Growth  temperatures  were  520°  C  for  the  active  region  and  610°  C  for  the  SPSs.  The 
threshold  current  densities  for  broad  area  devices  (100  x  800  pm^)  emitting  at  X  »  980  nm 
were  as  low  as  85  A/cm^,  demonstrating  that  very  low  losses  can  be  achieved  with  the 
growth  scheme  presented  above. 
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Fig.  2: 

Threshold  current  of 
VCSELs  versus  active  area.  30 

Inset:  Light  vs.  current 
characteristics  (25°  C)  of  a 
device  with  50  ^im  diameter 

<  20 
E 


10 


0 

0  2  4  6 

active  area  / 10"^  cm^ 

3.2.  Vertical  cavity  surface  emitting  lasers  (VCSELs) 

Low  temperature  growth  and  SPSs  were  also  used  for  VCSEL  structures.  The  DBRs 
(distributed  bragg  reflectors)  consisted  of  20  n-doped  and  21  p-doped  AlAs/GaAs  pairs 
where  the  interfaces  between  AlAs  und  GaAs  were  pseudograded  by  10  period  superlattices 
of  stepwise  varying  layer  thicknesses.  The  doping  concentrations  were  enhanced  at  the  carrier 
injection  sides. 

Three  InGaAs  quantum  wells  were  embedded  in  an  SPS  (x^y  =  0.35).  The  emission 
wavelength  of  the  VCSELs  was  about  975  nm. 

Devices  with  cylinder-shaped  mesas  were  RIE-etched  from  the  p-side  just  through  the 
active  region.  The  threshold  currents  of  VCSELs  with  different  diameters  are  summarised  in 
fig.  2.  Threshold  current  densities  of  400  A/cm^  are  evaluated  for  devices  with  diameters  > 
50  |Lim.  These  results  are  among  the  best  reported  in  the  literature  [11]  and  were  achieved  for 
VCSELs  with  comparatively  few  DBR  mirror  pairs.  The  low  threshold  values  and  high 
differential  external  quantum  efficiencies  (r|(j  >  30  %,  uncorrected  for  absorption  losses  in  the 
substrate,  see  e.g.  inset  of  Fig.  4)  indicate  very  low  internal  losses  in  our  VCSEL  structure. 
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An  aging  experiment  at  40°C  and  20  mA  cw  with  the  device  corresponding  to  the  inset  of 
Fig.  2  did  not  show  any  significant  degradation  over  a  test  duration  exceeding  3000  h. 


4.  Conclusion 

We  have  grown  and  analysed  bulk-like  short-period  superlattices  as  a  replacement  of  AlGaAs 
with  high  aluminum  contents. 

Smallest  deviations  from  periodicity  and  excellent  optical  quality  can  be  achieved  at 
growth  tempateratures  low  enough  to  avoid  any  desorption  (~  600°  C).  Employing  this 
growth  scheme,  extremely  low  loss  laser  structures  were  obtained  with  maximum  control 
over  layer  thickness  and  composition.  This  was  demonstrated  by  SQW  (InGaAs)  lasers  and  3 
QW  (InGaAs)  VCSELs  with  threshold  current  densities  of  85  and  400  A/cm^,  respectively. 

This  work  was  partly  supported  by  the  German  Federal  Ministry  of  Research  and  Technology.  The  authors 
alone  are  responsible  for  the  contents. 
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Abstract.  We  present  results  on  optoelectronic  integrated  circuits  in  both  the 
GaAs  and  InP  systems.  The  GaAs  transmitters  employed  GaAs  MESFETs 
integrated  with  an  MQW-SCH  ridge  laser.  These  circuits  operated  with  a 
bandwidth  of  3.5  GHz.  The  GaAs  receivers  consisted  of  a  p-i-n  photodiode 
integrated  with  a  GaAs  MESFET  in  a  simple  single  stage  preamplifier 
configuration.  The  circuits  exhibited  gains  of  17  dB  and  bandwidths  of  4  GHz. 
The  InP  receivers  employed  an  InGa As/In A1  As  photodiode  integrated  with  a 
pseudomorphic  MODFET.  These  circuits  exhibited  bandwidths  as  high  as  10 
GHz  and  sensitivities  of  -31.8  dBm,  -26  dBm  and  -17  dBm  at  1,  2  and  10  Gb/s, 
respectively. 


1.  Introduction 

Substantial  progress  in  the  fabrication  of  optoelectronic  integrated  circuits  (OEICs)  has 
recently  been  made  and  there  have  been  many  reports  in  the  literature  which  document 
greatly  improved  perfomance  of  photoreceivers  [1],  [2],  integrated  laser/modulators  [3],  [4], 
wavelength  division  multiplexers  [5]  and  integrated  laser/driver  circuits  [6] -[10]. 
Approaches  to  integration  have  included  selective  area  growth  and  adaptation  of  the  structure 
so  that  the  laser/detector  and  transistor  may  utilize  the  same  layer  structure.  For  ease  of 
fabrication  and  potentially  greater  reliability  it  is  desirable  to  accomplish  the  integration  with 
a  single  growth  on  a  planar  substrate. 

The  InP  system  is  well-suited  to  long-haul  communications  applications  because  of 
the  availability  of  low-loss  fibers  at  long  wavelengths  and  many  of  the  OEICs  which  have 

been  reported  have  concentrated  in  the  1.3  -  1.55  jum  range.  However,  for  short  haul 
applications,  such  as  LANs,  it  may  also  be  desirable  to  employ  GaAs-based  circuits  for 
improvement  in  high-temperature  operation.  The  development  of  high-quality  InGaP,  along 
with  the  availability  of  highly  selective  wet  etches  for  GaAs  on  InGaP  and  InGaP  on  GaAs 
make  the  GaAs/InGaP  system  particularly  desirable  for  the  fabrication  of  vertically  integrated 
OEICs.  In  this  paper,  we  present  results  on  integrated  photoreceivers  and  transmitters  in  the 
InP,  GaAs/AlGaAs  and  G^s/InGaP  material  systems. 

2.  Monolithically  Integrated  Photoreceiver  Circuits 

2.1.  Gallium  Arsenide-Based  p-i-n/MESFET  Photoreceivers 

The  GaAs  p-i-n/MESFET  structure  was  grown  on  semi-insulating  GaAs  and  consisted  of  a 
1000  A  layer  of  GaAs  which  was  unintentionally  doped,  1000  A  of  Alo.4Gao.6As,  also 
unintentionally  doped,  an  n-type  channel  layer  consisting  of  2300  A  of  GaAs  and  a  3000  A 
GaAs  n-contact  layer.  This  contact  layer  served  as  the  ohmic  contact  layer  for  both  the 
MESFET  and  the  p-i-n  diode.  These  layers  were  followed  by  the  p-i-n  structure  which 
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consisted  of  2000  A  of  n-typ>e  AIo^Gao.^As,  a  6000  A  undop)ed  G^s  absorption  layer,  a 
2000  A  p-type  Alo.4Gao.6As  layer  and  a  GaAs  p-contact  layer.  Similar  structures  were  also 
grown  in  which  the  Alo.4Gao.6As  was  replaced  in  favor  of  i^.6Gao.4As  and  InGaP  in  order 
to  facilitate  selective  wet  chemical  etching.  Standard  photo-lithographic  techniques  were  then 
employed  to  selectively  etch  the  p-i-n  layers,  define  the  FET  mesas,  define  the  ohmic 

contacts,  gates,  Ti  resistors  and  interconnect  metal.  The  MESFETs  employed  a  7T-gate 
configuration  in  order  to  reduce  the  gate  resistance.  The  1.0  |im  gates  were  defined  using 

optical  lithography.  The  gate  widths  were  varied  (2x40,  2x75  and  2x100  pm  wide.)  A 
schematic  of  the  receiver  circuit  is  shown  in  the  inset  of  Fig.  1(a). 

The  DC  characteristics  of  isolated  GaAs  MESFETs  were  m^ured.  The  devices 
exhibited  transconductances  as  high  as  341  mS/mm  with  current  densities  (1^  of  up  to  537 
mA/mm.  Similarly,  the  DC  characteristics  of  the  isolated  p-i-n  photodiodes  were  also 
measured.  The  diodes  had  reverse  breakdown  voltages  between  15  and  20  V  and  reverse 
leakage  currents  smaller  than  10  nA  when  biased  at  -5  V.  The  RF  characteristics  of  the 
MESFETs  were  measured  between  100  MHz  and  40  GHz.  The  FETs  were  biased  for 
maximum  transconductance  and  the  devices  were  found  to  have  cutoff  frequencies  as  high  as 
ft  =  1 1.3  GHz  and  fmax  =  35,1  GHz. 


High-speed  characterization  of  the  photodiodes  and  photoreceiver  circuits  was  carried 
out  between  130  MHz  and  20  GHz.  A  vertical  cavity  surface  emitting  laser  diode  with  a 
measured  bandwidth  of  6  GHz  was  modulated  by  the  lightwave  analyzer  ^d  its  output  was 
coupled  to  the  photoreceivers  via  an  optical  fiber.  The  responses  of  the  individual  diodes  and 

circuits  were  then  measured.  The  diodes  had  diameters  of  18  and  50  pm  and  were  biased  at  - 
5  V.  The  smaller  diodes  had  bandwidths  which  were  limited  by  the  response  of  the  laser. 
The  response  of  the  photodiode  of  each  receiver  was  used  to  calibrate  the  gain  of  the 
amplifier  section.  Typical  characteristics  of  the  receivers  are  shown  in  Fig.  1.  The  circuits 
exhibited  3-dB  bandwidths  as  high  as  4.5  GHz  and  flatband  gains  as  high  as  17  dB. 


Fig.  1  RF  response  of  the  photoreceiver  fabricated  on  GaAs  (with  a  circuit  schematic 

in  the  inset). 
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2.2.  Indium  Phosphide-Based  p-i-n/MODFET  Photoreceivers 

The  InP-based  p-i-n/MODFET  structure  was  processed  in  a  similar  manner,  but  with  a  few 
important  differences.  After,  growing  the  p-i-n  diode  structure,  selected  areas  of  the  wafer 
were  etched,  the  remaining  p-i-n  structure  was  masked  with  oxide  and  the  MODFET 
structure  was  regrown.  The  p-i-n  photodiode  was  grown  first  and  consisted  of  a  superlattice 

buffer,  a  0.4  jum  n+  Ino.52Alo.48 As  ohmic  contact  layer,  a  0.75pm  i  Ino.53Gao.47As  active 

region  with  300  A  i  Ino.52Alo.48 As  setback  layers  on  either  side,  a  0.4  pm  p-«-  Ino.52AIo.48As 
p-contact  layer  and  a  200  A  p+  Ino.53Gao.47 As  cap  layer.  The  MODFET  structure  was 
comprised  of  a  superlattice  buffer,  an  i  Ino.52AIo.48 As  buffer,  a  400  A  i  Ino.53Gao.47As  layer, 
a  100  A  strained  i  Ino.65Gao.35As  channel  layer,  a  50  A  Ino.52Alo.48As  spacer  layer,  a  150  A 
n+  Ino.52AIo.48 As  donor  layer,  a  400  A  i  Ino.52Alo.48As  layer  and  a  200  A  n+  Ino.53Gao.47As 
cap  layer.  Subsequent  processing  steps  were  similar  to  those  outlined  for  the  GaAs  devices. 

DC  characteristics  of  the  regrown  InP-based  MODFETs  were  measured  on  the  wafer 
and  compared  with  as-grown  MODFETs.  The  transconductances  of  the  regrown  MODFETs 
were  as  high  as  495  mS/mm  at  current  densities  of  up  to  250  mA/mm.  Compared  to  the  as- 
grown  MODFETs,  the  regrown  devices  suffered  roughly  a  10  %  degradation  in  the  DC 
performance  due  to  regrowth.  Likewise,  the  RF  characteristics  were  evaluated  for  both  the 
regrown  and  as-grown  devices.  The  as-grown  MODFETS  had  cutoff  frequencies  as  high  as 
ft  =  58  GHz  and  fmax  =  67  GHz,  while  regrown  MODFETs  ranged  up  to  ft  =  24  GHz  and 
fmax  =  51  GHz. 


Fig.  2  RF  response  of  the  photoreceiver  fabricated  on  InP. 

The  RF  characteristics  of  the  InP-based  photoreceivers  were  then  measured.  The 
MODFETs  were  biased  with  Vds  =  1.5  V  and  the  photodiode  reverse  biased  to  -4.0  V.  A 
frequency  response  characteristic  of  the  p-i-n/MODraT  is  shown  in  Fig.  2.  The  measured  3- 
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dB  bandwidth  of  the  circuits  ranged  up  to  10  GHz.  The  flatband  gain  for  the  circuits  with  10 
GHz  bandwidth  which  have  2  X  40  iLim  gates  was  17  dB.  The  maximum  gain  of  24.8  dB  was 
observed  in  circuits  with  2  X  100  jum  gates.  These  circuits  had  bandwidths  of  1.8  GHz.  The 

receiver  sensitivity  was  measured  at  1  Gb/s  using  a  1.55  pm  PRBS  =  2^^  -  1  NRZ  signal  and 
a  plot  the  measured  BER  versus  received  optical  power  at  a  data  of  2  Gb/s  is  shown  in  Figure 
3.  The  sensitivities  were  found  to  be  -31.8  dBm,  -26  dBm  and  -17  dBm  at  1,  2.5  and  10 
Gb/s,  respectively,  at  a  BER  of  10"^. 


Fig.  3  Measured  bit  error  rate  as  a  function  on  received  optical  power  at  2.5  Gb/s  for  the 

InP-based  receiver  circuits. 

3.  Integrated  Optical  Transmitter  Circuits 

The  transmitter  structure  was  grown  via  metalorganic  chemical  vapor  deposition  (MOCVD) 
and  consisted  of  1000  A  of  unintentionally  doped  GaAs,  1000  A  of  unintentionally  doped 
Alo.4Gao.6As,  a  2300  A  n-type  GaAs  channel  layer  and  a  600  A  GaAs  n-contact  layer.  This 
contact  layer  served  as  the  ohmic  contact  layer  for  both  the  laser  and  the  MESFET.  These 

layers  were  followed  by  the  laser  structure,  which  consisted  of  a  1.5  pm  n-type  Alo.6Gao.4As 
lower  cladding  layer,  a  600  A  undoped  Alo.2Gao.8As  inner  clad,  an  undoped  multiquantum 
well  active  region  consisting  of  400  A  of  GaAs,  three  80  A  InGaAs  quantum  wells 
sandwiched  between  200  A  GaAs  barriers  and  400  A  of  GaAs,  another  600  A  undoped 

Alo.2Gao.8As  inner  clad,  a  1.5  pm  p-type  Alo.6Gao.4As  upper  cladding  layer  and  a  1000  A 
GaAs  p+  ohmic  contact  layer.  Similar  structures  were  grown  employing  InGaP  rather  than 
AlGaAs.  The  laser  was  a  4  pm  wide  ridge  waveguide  structure.  The  n-contact  layer  for  the 
laser  and  the  MESFET  was  reached  via  wet  chemical  etching.  After  standard 
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photolithographic  processing,  the  devices  were  thinned  down  to  a  thickness  of  150  jum  and 
cleaved  into  810  pm  long  bars  for  testing. 

The  isolated  transistors  exhibited  transconductances  as  high  as  138  mS/mm  with 
current  densities  of  up  to  455  mA/mm.  Similarly,  the  DC  characteristics  of  isolated 
laser  diodes  were  also  measured.  The  lasers  had  threshold  currents  of  24  mA,  which 
corresponds  to  a  threshold  current  density  of  700  A/cm^,  and  were  operated  at  powers  of 
around  5  mW.  The  RF  responses  of  the  MESFETs  and  lasers  were  then  measured.  The 
FETs  were  found  to  have  cutoff  frequencies  as  high  as  ft  =  6.3  GHz  and  fmax  -  8.5  GHz  and 
the  lasers  exhibited  cut-off  frequencies  of  several  gigahertz. 

The  high-frequency  characteristics  of  the  transmitter  circuits  were  evaluated.  A 
schematic  of  the  circuit  is  shown  in  the  inset  of  Fig.  4.  The  laser  is  turned  on  by  applying  a 
gate  voltage  sufficient  to  pinch  off  the  MESFET  in  the  branch  of  the  circuit  without  the  laser 
diode,  typically  about  -5  V.  The  light  output  of  the  laser  may  be  modulated  by 
superim^sing  an  RF  signal  on  to  this  gate  bias  through  a  high-frequency  bias  network.  A 
frequency  response  characteristic  of  the  circuit  is  shown  in  Fig.  4.  The  circuits  exhibited 
bandwidths  as  high  as  3.5  GHz,  believed  to  be  limited  by  the  frequency  response  of  the 
lasers.  This  limitation  is  indicated  by  the  presence  in  the  response  of  the  resonance  pe^  of 
the  laser,  which  would  not  be  present  if  the  response  were  limited  by  the  MESFETs  or  circuit 
parasitics. 

4.  Summary 

Monolithically  integrated  photoerceivers  and  transmitters  have  been  fabricated  on  InP  and 
GaAs.  The  GaAs-based  receivers  consisted  of  a  p-i-n  diode  integrated  with  a  single-stage 
MESreT  amplifier  and  exhibited  a  bandwidth  of  4.5  GHz.  The  InP-based  receivers 
consisted  of  a  p-i-n  diode  integrated  with  a  single-stage  MODFET  amplifier  and  exhibited 
bandwidths  as  high  as  10  GHz  and  sensitiviies  as  high  as  -31.8  dBm  at  1  Gb/s.  The 
transmitters  consisted  of  a  GaAs  MQW  ridge  waveguide  laser  inte^ted  with  MESFETS  in  a 
differential  pair  configuation  and  gave  modulation  bandwidths  as  high  as  3.5  GHz. 


Fig.  4  RF  response  of  the  integrated  transmitter  circuit  with  a  schematic  in  the  inset. 
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Abstract.  We  have  combined  selective  fabrication  technologies  of  selective  organometallic  vapor 
phase  epitaxy  and  selective  ion  implantation  to  demonstrate  monolithically  integrated  microwave 
optoelectronic  circuits  operating  at  10  GHz.  We  report  the  microwave  and  optical  performance 
of  such  circuits  consisting  of  a  microwave  SAE  grown  oscillator,  an  X-band  microwave  switch, 
a  transimpedance  amplifier  and  a  0.83  pm  optical  detector,  all  monolithically  fabricated  on  the 
same  semi-insulating  GaAs  substrate.  We  also  demonstrate  selective  area  epitaxy  of  GaAs  based 
HEMT  structures  for  the  first  time. 


1.  Introduction 

Selective  fabrication  technologies  such  as  selective  organometallic  vapor  phase  epitaxy  and 
selective  ion  implantation  can  be  combined  to  demonstrate  monolithically  integrated  micro- 
wave  optoelectronic  circuits  operating  at  10  GHz  for  advanced  phased  array  radar  systems 
applications  such  as  smart  skins.  These  combined  technologies  offer  advantages  over  others 
such  as  selective  etching.  In  this  paper,  we  report  microwave  and  optical  performance  of  such 
circuits  consisting  of  an  X-band  microwave  selective  area  epitaxial  (SAE)  grown  oscillator,  an 
X-band  microwave  switch,  a  transimpedance  amplifier  and  an  optical  detector  at  0.83  fim  all 
fabricated  monolithically  on  the  same  semi-insulating  GaAs  substrate.  Our  results  are  the  first 
demonstration  of  a  planar  SAE  grown  microwave  circuit  operating  at  10  GHz  and  the  first 
attempt  at  combined  selective  fabrication  technologies  to  realize  a  multifunction  complex  RF- 
optical  circuit  at  microwave  frequencies. 

Organometallic  vapor  phase  epitaxy  (OMVPE)  has  been  the  technique  of  choice  for  selec¬ 
tive  area  epitaxy  of  GaAs  based  device  structures  [1-4].  SAE  is  a  technique  for  controlling 
growth  in  the  lateral  dimensions  as  well  as  the  vertical  dimension.  SAE  can  use  a  combination 
of  photolithographically  defined  masks  and  the  naturally  occurring  anisotropy  in  growth  rates 
to  achieve  three  dimensional  patterned  structures  with  a  single  epitaxial  growth  step.  We  have 
used  this  SAE  feature  to  integrate  SAE  islands  with  planar  ion  implanted  device  structures  side- 
by-side  for  a  complex  three  dimensional  circuit  operating  at  10  GHz. 

Perfect  selectivity  is  defined  as  no  deposition  on  the  masked  region.  We  have  shown  [5,6] 
that  perfect  selectivity  can  be  attained  if  the  OMVPE  growth  conditions  are  selected  such  that 
differential  desorption  flux  dominates  the  surface  migration  flux.  AlGaAs  can  also  be  grown 
with  100%  selectivity  (up  to  x=0.35)  by  low  pressure  OMVPE  using  a  SixNy  mask  [7].  In  the 
case  of  low  pressure  OMVPE  of  AlGaAs,  we  have  found  a  range  of  growth  rates  and  substrate 
temperatures  which  satisfy  this  condition.  Many  of  the  previous  applications  of  SAE  have  been 
oriented  toward  optoelectronic  devices;  however,  here  we  discuss  the  fabrication  and  character¬ 
ization  of  microwave  metal-semiconductor  field-effect  transistor  (MESFET)  devices,  inte¬ 
grated  with  selective  ion  implanted  devices. 
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Figure  1.  Microwave  OEIC  fabrication  process  flowchart. 


2.  Experimental 

The  SAE  growths  by  low  pressure  OMVPE  were  performed  in  an  EMCORE  GS3300  vertical, 
low-pressure  rotating  disk  reactor  on  planar  semi-insulating  76  mm  GaAs  substrates  masked 
with  Si02  or  SixNy  masks.  Growth  conditions  have  been  described  previously  [6].  The  process 
sequence  for  fabrication  of  the  monolithic  microwave  OEICs  integrated  15  mask  layers  shown 
schematically  in  Figure  1.  The  active  FET  channel  layers  of  the  mierowave  switch  and  TIA 
circuits  were  first  formed  by  selective  ion  implantation  and  capless  annealing  using  standard 
FET  processing  technology.  The  preprocessed  substrates  were  patterned  for  the  third  time  for 
selective  area  epitaxy  and  the  oscillator  structures  were  epitaxially  grown  by  OMVPE.  After 
growth,  the  dielectric  mask  was  partially  removed  and  wafers  continued  processing  through  the 
subsequent  process  steps  shown  in  Figure  1 .  The  gate  lengths  used  for  the  oscillator  was  0.5  pm, 
0.6  pm  gates  were  used  for  the  switch  and  0.8  pm  gates  were  used  for  the  TIA,  fabricated  all 
by  contact  phtolithography.  Both  Pi-gate  and  T-gate  geometries  were  investigated  for  optimum 
device  performance. 

3.  Selective  Area  Epitaxy  Results 

3.1  X-Band  Oscillator  FET  Structure 

A  low  noise  FET  device  structure  was  employed  for  the  SAE  grown  X-Band  oscillator.  The 
structure  consisted  of  a  0.2  pm  thick  undoped  GaAs  buffer  and  a  0.2  pm  thick  Si  doped  GaAs 
channel  layer  with  an  electron  concentration  of  3xl0^^cm“^.  A  400  A  Si  doped  GaAs  cap  layer 
with  n=2xl0i^cm‘^  was  also  added  to  improve  contact  resistance  on  the  second  MMIC  lot. 
p-type  buffer  layers  were  obtained  by  optimizing  the  growth  parameters  and  decreasing  the 
V/III  ratio  to  1 5,  leading  to  decreased  leakage  in  the  buffer  layer  and  improved  breakdown  volt¬ 
ages  up  to  -35  volts.  Figure  2a  shows  a  Pi  4  gate  having  dimensions  of  0.5x300  pm  fabricated 
on  an  SAE  grown  island  for  the  oscillator,  while  Figure  2b  shows  a  T-shaped  GaAs  FET  island. 

3.2  Selective  Area  Epitaxy  of  HEMT  Structures 

Low  pressure  OMVPE  was  employed  to  also  selectively  grow  AlGaAs/GaAs  HEMT  structures 
using  optimized  growth  conditions  similar  to  the  GaAs  FET  ones  on  SixNy  masked  GaAs  sub¬ 
strates.  The  traditional  HEMT  structure  consisted  of  a  1  pm  thick  undoped  GaAs  buffer  layer 


-y-' 


Pi  4  gate 
0.5  X  300  nm 


3  SAE  37  WAFER  #65  (3”) 
T-shaped  GaAs  FET  island 


Figure  2.  Morphology  of  oscillator  FETs  fabricated  on  selective  area  grown  GaAs  islands. 


and  an  undoped  75 A  thick  AlGaAs  spacer  layer. 
The  doped  layers  were  made  up  of  a  350  A  AlGaAs 
layer  with  a  carrier  concentration  of  2.0xl0^^cm'^ 
and  a  350  A  GaAs  cap  layer  with  a  carrier  con¬ 
centration  of  2.0xl0^^cm'^.  Aluminum  composi¬ 
tion  was  30% .  The  77K  sheet  carrier  concentration 
measured  1.2xl0^^cm^  and  the  mobility  measured 
45,000  cmW-s  on  a  blank  GaAs  substrate.  The 
fast  selective  growth  rate  of  1600  A/minute  was 
also  applied  to  demonstrate  a  94  A  thin  GaAs/Al- 
GaAs  quantum  well  measured  by  room  tempera¬ 
ture  photoluminescense.  Essentially  100%  selec¬ 
tivity  was  obtained  for  the  HEMT  device  structure, 
as  seen  by  the  smooth  morphology  in  Figure  3  of 
this  1.0775  urn  thick  AlGaAs/GaAs  structure. 
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Figure  3. 


SEM  micrograph  of  selective 
area  grown  A^aAs/GaAs 
HEMT  structure. 


TABLE  1 

FET  DEVICE  PERFORMANCE  AFTER  COMPLETION  OF  PROCESSING 


Gra  (mS/mm) 

G/D  Breakdown  (v) 

Wafer 

Idss  (mA/mm) 

Vpo  (v) 

(vgs  =  OV) 

(Ig  =  100  |xA) 

3D10 

120-128 

3D13 

180-200 

2  X  125  ^im  Switch 


300-360  4.2-6 


340-400  4.2-6.3 


332-384  5-5.3 


4  X  75  [xm  Oscillator 


127-173  2.3-3 


147-207  2.1-2.6 


126-147  I  2.3-2.7  |  60-90 

120  |xm  TIA 


1.2-1.3  100-120 


2.3  80-90 


108-116 


116-121 


124-130 


65-100 


75-95 


-13.1  to -14 


-12.5  to  -13.5 


-11.4  to  -13.5 


-35  to  -39 


-22  to -25 


-33  to  -37 
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4.0  Device  Results 

Three  lots  were  fabricated  using  combined  selective  area  and  selective  ion  implant  technolo¬ 
gies.  FET  characteristics  of  the  oscillator,  switch  and  the  TIA  were  optimized  in  Lot  3.  Summa¬ 
ries  of  FET  performance  in  terms  of  Idss>  pinch  off  voltage,  dc  transconductance  and  gate- 
drain  breakdown  voltage  for  each  type  of  FET  are  given  in  Table  1 .  FET  characteristics  of  the 
S  AE  FETs  were  improved  using  p-type  buffer  layers  and  we  obtained  remarkably  high  break¬ 
down  voltages  with  the  SAE  FETs  ranging  from -26  to  -39  volts.  We  measured  good  pinch-off 
behavior  on  the  SAE  FETs  with  the  improved  buffer  layer. 

5.0  RF  and  optical  MMIC  performance 

5.1  X~Band  Oscillator 

The  X-band  oscillator  was  fabricated  on  the  SAE  grown  FET  islands  using  coplanar  waveguide 
transmission  line  and  positive  feedback  designs.  Figure  4  shows  a  photograph  of  the  X-band 
oscillator.  Figure  5  shows  the  measured  frequency  spectrum  of  the  oscillator.  The  broadband 
sweep  indicated  that  the  oscillator  generates  a  single  carrier  frequency,  while  the  narrow  band 
sweep  shows  the  noise  performance  of  the  oscillator  near  the  carrier.  The  measured  noise  densi¬ 
ty  is  -100  dBc/Hz  at  1-MHz  offset  from  the  carrier.  The  maximum  output  power  is  measured 
to  be  -2.8  dBm  at  10.7  GHz.  Similar  results  were  measured  on  all  three  wafers  from  Lot  3. 

5.2  X-Band  Microwave  Switch 

The  10  GHz  microwave  switch  was  designed  in  coplanar  waveguide  transmission  line  and  fab¬ 
ricated  monolithically  with  the  other  MMICs  using  selective  ion  implantation  technology.  A 
single  pole  double  throw  design  was  utilized.  The  wafers  were  on-wafer  probed  and  tested  us¬ 
ing  the  HP8510  network  analyzer.  The  measured  RF  performance  shows  the  switch  worked 
well  at  X-band  frequencies.  The  measured  insertion  loss  is  1.5  dB  at  10  GHz,  while  the  mea¬ 
sured  return  loss  is  better  than  9  dB  at  10  GHz  as  shown  in  Figure  6. 


Figure  4.  The  X-band  oscillator  fabricated 
on  SAE  GaAs  islands. 


hp 


CENTER  10.73  GHz  SPAN  10.00  MHz 

RES  BW  300  kHz  VBW  10  kHz  SWP  20  msec 


Figure  5.  Measured  X-band  frequency 

spectrum  of  the  SAE  oscillator. 
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Figure  6.  RF  performance  of  the  X-band  microwave  single  pole  double  throw  switch  (from  Port  1  to  2). 

5.3  Transimpedance  Amplifier 

The  transimpedance  amplifier  (TIA)  basically  contains  two  amplifiers  in  cascade  and  a  level 
shifter.  Both  the  open  loop  and  feedback  type  of  circuits  were  incorporated  in  the  design. 
Figure  7  shows  the  input-to-output  voltage  transfer  curve  for  the  TIA.  The  off-state  voltage  is 
0.2  V  and  the  on-state  voltage  is  5.3  V.  The  transition  from  off-state  to  on-state  is  very  sharp. 
The  measured  time  response  of  the  TIA  was  20  ns,  which  was  better  than  the  desired  response 
of  less  than  100  ns. 

5.4  MSM  Detector 

The  metal-semiconductor-metal  (MSM)  detector  converts  incident  light  into  output  current  and 
is  the  optical  component  of  the  RF-optical  complex  multifunction  circuit.  We  investigated  four 
types  of  MSMs  on  our  mask  set.  MSMs  with  anti-reflective  coating  MSMs  without  anti- 
reflective  coating,  MSMs  with  ion  implantation  and  anti-reflective  coating,  and  MSMs  with  I^ 
and  no  anti-reflective  coating.  The  dark  current,  responsivity  and  photocurrent  from  each  type 
was  measured  at  X=830  nm.  The  highest  photocurrent  is  measured  on  the  MSM  with  ion 
implantation  and  anti-reflection  coating,  it  also  had  dark  current  2  orders  lower  than  the  other 
types.  The  measured  responsivity  of  the  detectors  was  0.17  AAV  as  a  function  of  incident 
optical  power,  as  shown  in  Figure  8.  Diode  sizes  were  40  by  60  microns  and  used  small  bias 
voltages  between  -2  to  -3  V  for  operation. 


6.0  Summary  and  conclusions 

We  have  successfully  demonstrated  a  monolithic  complex  RF-optical  MMIC  operating  at 
10  GHz  for  microwave  applications.  The  X-band  oscillator  was  fabricated  by  selective  area 
epitaxy  by  low  pressure  OMVPE,  the  X-band  switch  the  transimpedance  amplifier  and  the 
optical  MSM  detector  were  fabricated  by  selective  ion  implantation  technology.  Excellent 
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Measured  performance  and  transfer  curve 
for  the  transimpedance  amplifier  (TIA). 
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performance  of  each  component  was  shown  in  this  paper.  Combined  fabrication  technologies 
and  such  component  functionality  has  paved  the  path  to  the  optimized  design  of  a  complex 
multifunction  RF-optical  OEIC  chip  which  can  operate  at  microwave  frequencies. 
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Optical  refractometry  with  GaAs/AIGaAs  interferometers 


Hans  P.  Zappe 

Paul  Scherrer  Institute,  Badenerstrasse  569,  8048  Zurich,  Switzerland 


Abstract.  Chemical,  biological  or  environmental  processes  often  give  rise  to  a 
change  of  refractive  index  in  a  sensing  film  which  is  selective  to  certain  species  of 
interest;  interferometry  allows  a  precise  measurement  of  these  small  index  changes. 
The  use  of  GaAs/AlGaAs-based  interferometer  structures  for  refractometry,  the 
measuring  of  refractive  index  changes,  is  discussed.  Device  structures  and 
performance  of  Fabry -Perot  and  Mach-Zehnder  interferometers  are  studied  for  this 
application  and  initial  experimental  sensor  results  are  presented. 


1.  Introduction 

Optical  sensors,  particularly  those  employing  fibers,  have  seen  extensive  development  and  have 
been  applied  to  chemical,  biological  and  environmental  sensing  [1].  Many  of  these  sensors  rely 
on  the  measurement  of  refractive  index  changes  for  their  operation;  either  the  presence  of  the 
medium  to  be  sensed  leads  to  a  change  in  the  refractive  index  near  the  sensor,  or  customized 
sensor  membranes  undergo  an  index  shift  selectively  in  response  to  a  certain  analyte. 

Most  of  these  optical  sensing  schemes  rely  on  the  coupling  of  an  evanescent  wave  from  a 
waveguide  into  the  area  to  be  sensed;  the  shift  in  real  [2]  or  imaginary  [3]  refractive  index, 
typically  of  magnitude  between  lO'^  to  lO"^,  is  then  often  determined  by  interferometric  tech¬ 
niques.  Waveguide  integrated  optic  approaches  to  such  sensors  have  employed  glass  [4], 
LiNb03  [5]  or  silica-based  [6]  substrates,  to  which  a  light  source  must  be  coupled  by  pig¬ 
tailing,  butt-coupling  or  grating-coupling.  III-V  technology  and  devices  can  offer  performance 
advantages  for  the  fabrication  of  integrated  optical  sensors  [7]  since,  through  monolithic 
integration  of  laser  light  sources,  completely  integrated  sensor  chips  may  be  fabricated. 
Monolithic  integration  should  provide  improvements  in  functionality  and  robustness  With 
respect  to  alternative  optical  sensor  configurations. 

GaAs/AlGaAs-based  interferometers  are  well  established  for  use  as  optical  switches  [8]; 
we  examine  in  this  brief  paper  their  use  for  measurement  of  refractive  index  changes  in  the  off- 
chip  environment.  Fabry-Perot  and  Mach-Zehnder  structures  are  studied  in  order  to  evaluate 
their  performance  in  refractometry  measurements.  The  use  of  standard  material  structures  and 
conventional  processing  technology  assures  manufacturability  and  compatibility  with  other 
III-V  applications. 


586 


2.  Layer  and  device  structures 


Sensor  recess 


A1 Q  qGSq  gAs  cladding 


GaAs  substrate 


Figure  1  -  GaAs/AlGaAs  layer  structure  for  refractive 
index  sensing  in  the  etched  recess. 


To  allow  the  monolithic  integration  of  active 

optoelectronic  components,  such  as  lasers  and  Al  q  qGbq  gAs  cladding  I 
electro-optic  modulators,  with  a  waveguide- 

based  refractometer  into  a  complete  sensor  AI^^Ga^^Ascore  | 

system,  a  GaAs/AlGaAs  layer  structure  com- 

patible  with  these  devices  must  be  employed.  ai  ^  gGaQ  gAs  cladding 

The  layer  structure  of  Figure  1,  a  standard 

double  heterostructure  configuration,  has 

proven  to  be  suitable.  The  optical  mode  is  GaAs  substrate 

guided  in  the  waveguide  core,  with  index  rig  ^  _  GaAs/AlGaAs  layer  structure  for  refractive 

grown  on  a  suitable  cladding  with  index  In  sensing  in  the  etched  recess, 

the  sensor  recess,  the  upper  cladding  is  selec¬ 
tively  removed  from  the  waveguide  leaving  an 

unprotected  length  of  waveguide  core.  The  recess  brings  the  surface  region,  a  sensing  layer  or 
a  fluid  to  be  sensed  directly  with  the  variable  index  n^,  close  to  the  core  so  that  changes  in 
directly  affect  the  propagation  of  the  waveguide  mode.  The  purpose  of  refractometry  in  our 
case  is  then  to  determine  the  changes  in  the  value  of  the  refractive  index  of  this  surface  layer. 

The  interferometer  structures  of  Figure  2  permit  the  translation  of  a  surface  index 
change,  An^,  into  an  intensity  change  of  an  optical  mode.  Both  the  Fabry-Perot  and  Mach- 
Zehnder  devices  are  waveguide-based,  each  with  sensor  recess  of  length  L  as  shown  in  the 

figure.  A  change  in  the  refractive  index  of  the 
surface  medium  in  this  waveguide  segment 
leads  to  a  phase  shift  and  therefore  a 
modulation  of  the  interferometer  operating 
point;  this  modulation  provides  the  measurable 
change  in  intensity. 

3.  Analysis 

Examination  of  the  behavior  of  a  waveguide- 
based  interferometer  with  respect  to  changes 
of  the  surface  index  will  allow  us  to  better 
1  understand  the  refractometric  mechanisms  and, 
more  importantly,  define  the  most  sensitive 
structural  parameters. 

3.1.  Effective  index  variations 

Sensor  The  primary  effect  of  a  change  in  the  index  of 

Ivt the  surface  medium,  An^,  is  to  promote  a 
-  change  in  the  effective  index  of  the  mode  in  the 

"  ^ ^  '  •  . —I  waveguide;  determining  the  latter  will  allow  us 

to  calculate  the  interferometer  behavior. 
Figure  2  -  Fabry-Perot  and  Mach-Zehnder  Solving  the  asymmetric  dielectric  waveguide 

interferometer  structures  showing  the  etched  sensor  ^ 


Figure  2  -  Fabry-Perot  and  Mach-Zehnder 
interferometer  structures  showing  the  etched  sensor 


variation  of  effective  guide  mode  index,  N^ff, 
as  a  function  of  surface  index,  the 
relationship,  as  shown  in  Figure  3,  was  calculated  for  the  lowest  order  TE  mode  at  a 
wavelength  of  850  nm,  with  Kg  =  3.35  and  =  3.12  and  various  core  thicknesses,  t.  We  see 
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from  the  figure  that  low  index  values, 
<  2,  and  large  values  of  t  lead  to 
relatively  small  changes  in 

This  latter  point  may  be  seen 
more  clearly  in  Figure  4  where  we 
have  plotted  the  sensitivity  of  effective 
index  with  respect  to  changes  in  the 
surface  index, 

clearly  that,  for  index  changes  in  the 
value  range  far  from  the  waveguide 
index  (3.35)  and  for  core  thicknesses 
far  from  cutoff,  the  sensitivity  is  low. 
Repeating  the  calculation  for  the  low¬ 
est  order  TM  mode  shows  that  a 
marginally  higher  sensitivity  can  be 
achieved  for  this  polarization.  Most 
measurands  of  interest,  primarily  bio¬ 
logical  and  chemical  analytes,  have  in¬ 
dex  values  in  the  range  1  to  1.5;  aque¬ 
ous  solutions,  for  example,  typically 
have  values  around  1.33.  Sensitivity 
could  be  improved  by  replacing  the 
III-V  waveguide  layers  with  materials 
of  lower  index  [10],  albeit  at  the 
expense  of  greater  processing 
complexity. 

3.2.  Core  thickness  variations 

From  Figure  4,  we  saw  that  an 
increase  in  t  resulted  in  a  rapid 
decrease  of  sensitivity.  By  examining 
dN^ff!  dn^.  as  a  function  of  U  as  seen 
in  Figure  5,  we  see  that  an  optimum 
waveguide  thickness  can  be  deter¬ 
mined.  The  characteristic  was  derived 
for  small  changes  in  ciround  a  value 
of  =  1.33.  We  see  that,  due  to  the 
large  index  difference  between  the 


Figure  3  -  Variation  of  effective  refractive  index  with  the 
index  of  a  surface  film  in  the  sensor  recess. 


Surface  refractive  index, 


Figure  4  -  Sensitivity  of  the  change  in  refractive  index  with 
respect  to  changes  in  the  index  of  the  surface  film. 


waveguide  and  the  surface  medium,  Figure  5  -  Sensitivity  to  changes  in  a  surface  refractive  index 
the  change  in  with  respect  to  a  as  a  function  of  waveguide  core  thickness  for  TE  and  TM 

change  in  n^  is  limited  to  less  than  modes. 

0.01;  the  TM  mode  is  again  the  more 

sensitive.  It  is  apparent  from  the  figure  that  an  optimum  waveguide  thickness  for  TE  polarized 
modes  is  190  nm  and  for  TM  240  nm.  The  peak  sensitivities  are  0.005  and  0.009  for  TE  and 
TM,  respectively;  we  will  see  the  implications  for  real  sensor  applications  of  these  values  in  the 


next  section. 
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4.  Interferometers 

As  we  have  just  seen,  changes  in  external  refractive  index  give  rise  to  small  changes  in  the 
waveguide  effective  index  for  a  III-V  waveguide.  The  use  of  interferometer  structures, 
however,  allows  us  to  translate  these  shifts  into  signals  of  easily  measurable  magnitude. 

4.L  Fabry-Perot  interferometer 

Using  the  calculated  change  in  effective  index  with  change  in  index  of  the  surface  medium,  we 
can  predict  the  behavior  of  the  Fabry-Perot  waveguide  interferometer  of  Figure  2.  For  an 
recess  section  of  length  L,  the  phase  shift  due  to  an  index  shift  at  the  surface  of  a 
waveguide  with  sensitivity  S  is  given  by 

^  _  InSAn^L 


For  a  sensor  recess  length  of  L  =  1  mm,  we  can  use  the  above  relation  to  determine  the 
expected  phase  shift  for  the  lowest  order  TE  mode  as  varies  from  1  to  1.5.  Plugging  the 
value  of  6  directly  into  the  expression  for  the  transmission  characteristic  of  a  Fabry-Perot 
interferometer,  ignoring  optical  absorption  loss. 


{l-Rf  +4Rsin^[ -I 


we  obtain  the  behavior  plotted  in  Figure  6.  In  the  above  expression,  R  is  the  facet  reflectivity, 
which  we  take  to  be  31%  for  a  typical  GaAs-based  structure. 

The  decrease  in  the  period  of  the  interference  cycles  with  increasing  index  reflects  the 
enhanced  sensitivity  of  this  system  for  cover  media  whose  indices  more  closely  match  that  of 
the  waveguide.  The  relatively  small  change  in  (about  0.002)  which  results  from  the  change 
in  of  0.5  does  result  in  3.5  interference  fringes.  A  typical  refractometry  measurement, 
however,  typically  involves  a  much  smaller  change  in  index  and  is  accomplished  by  monitoring 

small  changes  in  transmitted  intensity 
about  a  fixed  bias  point. 


Figure  6  -  Transmission  characteristic  of  the  Fabry-Perot 
interferometer  as  the  surface  refractive  index  varies  from  1  to 
1.5;  TE  lowest  order  mode. 


4.2.  Mach-Zehnder  interferometer 

The  same  calculation  can  be  carried 
out  for  the  Mach-Zehnder 
interferometer,  whose  transmission 
characteristic,  again  ignoring 
waveguide  loss,  is  given  by 


T  = 


+  COS 


InLSAn^^ 
X  j 


The  variation  of  the  index 

of  the  surface  medium  is  very  similar 
to  that  for  the  Fabry-Perot  resonator; 
in  particular,  the  number  of  cycles 
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Figure  7  -  Sensitivity  of  the  Mach-Zehnder  interferometer  for 
small  changes  of  surface  refractive  index  around  n^. 


Figure  8  -  Change  in  effective  waveguide  index  between  an  air 
and  an  organic  solvent-coated  surface  (An^  =  0.5)  as  a 
function  of  remaining  cladding  thickness  after  recess  etch. 


traversed  as  varies  from  1  to  1.5  is 
identical. 

By  examining  the  sensitivity  of 
the  Mach-Zehnder  interferometer, 
namely  the  change  in  transmitted 
intensity  with  respect  to  a  change  in 
surface  refractive  index, 
for  small  we  find  the  behavior  of 
Figure  7.  The  sensitivity  is  calculated 
for  the  most  sensitive  region  of  the 
interference  characteristic,  namely 
halfway  between  maximum  and 
minimum  transmission  (5  =  m7r/2  for 

m=l,3,...). 

From  this  figure,  we  see  that  a 
sensitivity  of  about  22  is  expected  for 
/  =  200  nm  and  =  1.33,  using  TE 
polarization.  If  we  define  the  minimum 
measurable  output  change  of  the 
interferometer  to  be  2  %  (1/50  of  the 
maximum  modulation  depth),  this 
sensitivity  implies  a  measurable  index 
change  of  Anc  =  9xl0"4  per 
millimeter  of  sensor  recess  length. 
Since,  for  example,  a  change  of 
glucose  concentration  in  water  fi’om  0 
to  1  %  gives  rise  to  a  refractive  index 
shift  of  1.4x10'3  [4],  the  device 
resolution  we  have  determined  would 


require  a  3  mm  long  sensor  recess  to  measure  a  0.2  %  concentration  change  of  glucose,  a 
sensitivity  range  with  important  medical  relevance. 


5.  Fabrication  issues 


In  order  to  demonstrate  the  compatibility  of  the  above  structures  with  conventional  III-V- 
based  optoelectronic  processes,  a  recess  etch  which  allows  selective  removal  of  the  waveguide 
cladding  in  the  sensor  area  has  been  developed.  In  this  manner,  the  measurand  of  the  surface 
medium,  can  be  brought  as  close  to  the  waveguide  core  as  possible. 

Using  the  layer  structure  of  Figure  1,  waveguides  are  defined  by  diy  etch  and  completely 
covered  with  Si3N4.  During  the  subsequent  contact  etch,  nitride  is  removed  over  the  sensor 
regions  and  thus  acts  as  an  etch  mask  for  dry-etch  removal  of  the  cladding.  The  resulting 
structure  allows  easy  definition  of  the  sensor  areas,  the  Si3N4-covered  regions  immune  from 
any  environmental  variations  at  the  surface.  The  recess  is  then  formed  by  a  further  dry-etch 
step,  resulting  in  the  required  uncovered  waveguide  region. 

Experimental  work  has  shown  that  complete  removal  of  the  upper  cladding  is  essential 
for  adequate  performance;  a  remaining  buffer  layer  between  core  and  surface  medium  will 
rapidly  reduce  the  sensitivity  of  the  structure.  This  can  be  seen  from  Figure  8  which  presents 
the  results  of  a  calculation  of  the  change  of  the  effective  waveguide  index  as  the  surface  index, 
changes  from  air  =  1.0)  to  =  1-5  (for  example,  an  organic  solvent)  as  a  function  of 
buffer  thickness  of  this  four-layer  waveguide  system.  We  see  that  as  little  as  60  nm  of 
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remaining  cladding  decreases 
the  sensitivity,  by  a  factor  of  two.  Thus 
adequate  control  of  etch  depth  is  essential  for 
fabrication  of  the  sensor  recess. 

The  experimental  response  of  a  Mach- 
Zehnder  interferometer  with  such  a  sensor 
recess  is  shown  in  Figure  9.  The  plot  shows 
the  transmitted  interferometer  intensity  as  a 
water  film  is  slowly  deposited  on  the  surface; 
measurement  is  with  a  recess  length  of 
L  =  1  mm  and  at  a  wavelength  of  830  nm. 
Although,  as  mentioned  above,  a  typical  real- 
life  sensor  application  involves  much  smaller 
index  changes  around  a  fixed  bias  point,  this 
initial  measurement  demonstrates  the 
response  of  the  Ill-V-based  interferometer 
sensor  to  changing  surface  conditions. 

Conclusions 
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Figure  9  -  Variation  of  the  output  intensity  of  a  Mach- 
Zehnder  interferometer  as  a  water  film  is  deposited  on 
the  sensor  surface.  At  the  arrow,  a  film  of  water 
begins  to  cover  the  sensor  recess  and  completely 
covers  the  sensor  when  the  signal  stabilizes. 


The  use  of  purely  Ill-V-based  interferometers  for  measuring  the  change  of  environmental 
iefi:active  indices  has  been  discussed.  The  large  index  step  between  the  GaAs/AlGaAs 
waveguides  and  the  surface  medici,  the  latter  typically  with  indices  1  to  2,  limits  the  change  in 
effective  waveguide  index  achievable.  The  effective  amplification  of  these  small  changes 
resulting  from  the  use  of  interferometric  devices,  however,  provides  larger  output  signals  and 
usable  sensitivities  with  device  sizes  in  the  millimeter  range.  Further  improvements  in 
sensitivity  are  expected  through  the  use  of  alternate  waveguiding  layers,  such  as  dielectrics,  in 
the  device  sensor  area.  Fabrication  of  the  required  structures  is  fully  compatible  with  normal 
III-V  processing  techniques. 
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Lateral  npn-phototransistors  with  high  gain  and  high 
spatial  resolution  fabricated  by  focused  laser  beam 
induced  Zn  doping  of  GaAs/AlGaAs  quantum  wells. 


P.  Baumgartner,  C.  Engel,  G.  Abstreiter,  G.  Bohm,  G.  Trankle, 
and  G.  Weimann 

Walter  Schottky  Institut,  TU  Miinchen,  Am  Coulombwall,  D-85748  Garching, 
Germany 

Abstract.  We  propose  a  novel  kind  of  phototransistor  with  high  gain  and 
high  spatial  resolution.  Lateral  npn-transistors  are  fabricated  by  focused 
laser  beam  induced  Zn  doping  of  n-modulation  doped  GaAs/AlGaAs  quan¬ 
tum  well  structures.  This  technique  allows  direct  writing  of  lateral  sub- 
fim  sized  npn-structures  without  damaging  the  sample.  Spatially  resolved 
photocurrent  measurements  show  typical  responsivities  above  lO^A/W  and 
linewidths  down  to  605  nm.  Direct  measurement  of  the  spatial  derivative  of  a 
light  distribution  is  possible  simply  by  applying  an  AC  bias  voltage  between 
emitter  and  collector. 


1.  Introduction 

We  have  fabricated  a  new  type  of  photodetector,  a  lateral  npn-phototransistor,  by  focused 
laser  beam-induced  (FLB)  thermal  Zn  doping  of  n-modulation  doped  GaAs/AlGaAs 
quantum  well  samples.  The  lateral  device  combines  high  gain  with  sub-pm  spatial  res¬ 
olution.  The  recently  introduced  technique  of  local  Zn-doping  [1]  preserves  the  high 
quality  of  the  modulation  doped  samples  and  permit  direct  writing  of  arbitrary  shaped 
p-doped  lines.  The  peculiar  interstitial-substitial  diffusion  mechanism  of  Zn  in  GaAs 
leads  to  an  almost  boxlike  depth-profile  of  the  Zn  concentration.  So  it  is  possible  to 
achieve  a  remote  p-doping  without  introducing  Zn-dopants  into  the  quantum  well  layer. 
Due  to  model  calculations,  using  a  concentration  and  temperature  dependent  diffusion 
coefficient,  nonlinear  effects  of  Zn-diffusion  restrict  the  width  of  the  p-doped  lines  to 
less  then  200  nm,  which  is  well  below  the  diffraction  limited  laser  spot  size  of  about 
dpwHM  =440nm  [1-3].  We  have  already  demonstrated  the  potential  of  this  method  by 
direct  writing  of  in-plane-gate  transistors,  which  make  use  of  the  good  insulating  prop¬ 
erties  of  this  lateral  npn-structure  [1]. 

In  this  paper  we  report  on  results  obtained  from  single  p-doped  lines,  which  form 
the  base  of  a  lateral  npn-transistor.  Photogenerated  holes  supply  the  base  current  and 
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control  the  electron  current  from  the  n-doped  emitter  region  to  the  n-doped  collector 
region,  resulting  in  high  current  gain.  The  emitter-  and  collector-region  of  this  device 
is  formed  by  the  two-dimensional  electron  gas  in  the  GaAs  quantum  well.  The  light 
sensitive  region  is  limited  to  the  narrow  p-type  line,  since  only  holes,  created  nearby  the 
base,  contribute  to  the  base  current.  This  leads  to  a  phototransistor  with  high  gain  and 
high  spatial  resolution. 

2.  Fabrication  method 

The  lateral  npn-structures  are  fabricated  from  MBE-grown  modulation  doped  GaAs/ 
AlGaAs  single  quantum  well  structures.  The  two-dimensional  electron  gas,  which  forms 
360  A  beneath  the  surface  in  the  80  A  thick  GaAs  quantum  well,  has  an  electron  den¬ 
sity  of  n  =  5.3T0^^  cm“^  and  a  mobility  of  pH  =  6300  cm^/Vs  at  room  temperature.  The 
detailed  layer  sequence  is  described  elsewhere  [1]. 

A  10  pm  wide  mesa  structure  is  prepared  by  standard  photolithography,  wet  chem¬ 
ical  etching  and  alloying  of  NiGeAu  contact  regions.  The  p- dopant  is  supplied  by  a 
2000  A  thick  Si02  film,  containing  about  14%  Zn. 

A  microscope  objective  is  used  to  focus  the  Ar"*"  laser  beam  (A  =  514.5nm)  to  a 
full  width  half  maximum  diameter  of  about  dFWHM=440nm  [4].  Focused  laser  beam- 
induced  doping  is  performed  by  local  heating  of  the  sample  to  temperatures  of  about 
T  =  600®C.  Nearly  arbitrarily  shaped  lateral  npn-structures  can  be  written  by  moving 
the  sample  with  a  xyz-translation  stage  with  an  accuracy  of  10  nm.  Further  important 
features  of  the  setup  are  a  sensitive  autofocus  system,  ensuring  a  constant  width  of  the 
laser  spot,  and  the  in  situ  measurement  of  the  sample’s  reflectivity,  to  keep  the  absorbed 
laser  power  unchanged.  We  used  absorbed  laser  intensities  ranging  from  4  to  10  mW 
and  a  writing  speed  of  7nm/s  for  the  fabrication  of  the  phototransistors.  The  lateral 
npn-phototransistors  were  produced  by  writing  a  p-doped  line  across  the  mesa  structures 
to  insulate  the  n-contacts  on  both  sides  from  each  other. 

3.  Results 

The  barrier  heights  of  the  p-doped  lines  were  estimated  from  temperature  dependent 
current  measurements.  Figure  1  shows  the  current  for  an  applied  voltage  of  100  mV  as  a 
function  of  temperature  in  an  Arrhenius-plot.  The  measured  straight  lines  confirm  that 
the  current  is  correlated  to  a  thermionic  emission  across  the  potential  barrier  and  follows 
an  I  ~  Q-^B/kT  dependence.  The  potential  barrier  can  be  adjusted  by  the  writing  laser 
intensity  and  increases  from  Eb  =  200  meV  up  to  Eb  =  830  meV  when  the  intensity  is 
increased  from  4.1  mW  to  10  mW.  Figure  1  also  reveals  the  good  insulating  properties 
of  the  lateral  npn-structures,  since  the  resistances  of  the  highly  p-doped  samples  reach 
the  Tfl  region  at  room  temperature. 

The  schematic  band  diagram  of  a  lateral  npn-structure  is  depicted  in  the  inset  of 
figure  2.  A  small  bias  voltage  Uec  is  applied  between  the  n-doped  emitter  and  collector 
regions.  Without  illumination  only  a  small  thermionic  current  is  able  to  flow  over  the 
p-doped  barrier,  as  shown  in  the  upper  half  of  the  inset.  The  thermionic  dark  current 
and  the  barrier  height  are  determined  by  the  p-doping  concentration  and  consequently 
by  the  laser  intensity  used  for  local  doping. 

The  lower  half  of  the  inset  shows  the  corresponding  band  diagram  under  illumination. 
Photogenerated  electron-hole  pairs  are  separated  by  the  high  electric  field  in  the  space- 
charge  region.  The  additional  positive  charge  of  holes  accumulated  in  the  p-doped  base 
region  reduces  electrostatically  the  barrier  height  and  leads  to  an  increased  thermionic 
current.  Only  electron-hole  pairs,  which  are  excited  in  the  space  charge  region  or  within 
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Figure  1:  Temperature 

dependent  dark  current  mea¬ 
surements  of  different  lateral 
npn-structures.  The  bar¬ 
rier  heights  of  the  individ¬ 
ual  structures  are  estimated 
of  the  slope  from  the  curve. 


the  holes  diffusion  length  contribute  to  the  base  current.  The  spatial  resolution  of  this 
detector  is  consequently  dependent  on  width  and  shape  of  the  doping  profile,  the  corre¬ 
sponding  depletion  length  and  the  diffusion  length  of  the  holes. 

The  expected  good  spatial  resolution  of  the  lateral  npn-structures  is  confirmed  in 
spatially  resolved  photocurrent  measurements  as  shown  in  Figure  2.  The  linescans  are 
recorded  perpendicular  to  the  p-doped  line  centered  at  the  origin  of  the  ordinate.  A  bias 
voltage  of  Uec  =  50mV  is  applied  to  the  sample  with  a  barrier  height  of  Eb  =  484  meV. 
The  narrower  profile,  measured  at  a  wavelength  of  A  =  514.5nm  and  a  light  intensity  of 
Pl  =  220  pW  shows  a  width  of  only  dpwHM  =  605  nm,  including  the  width  of  the  probing 
laser  spot  of  about  dpwHM  =440nm.  The  diffusion  length  for  holes  is  apparently  rather 
small.  Strong  radiative  recombination  reduces  efficiently  the  lifetime  of  the  minority 
charge  carriers  [5].  The  spatially  resolved  experiments  verify  that  one  can  achieve  very 
narrow  p-doped  lines  with  laser-induced  local  Zn-doping. 

The  maximum  photocurrent  of  about  Iec  =  210  nA  corresponds  to  a  responsivity 
of  roughly  R=1000A/W  and  demonstrates  the  high  internal  gain  of  the  lateral  npn- 
transistor.  For  comparison  the  responsivity  of  an  ideal  photodiode  is  given  by  R  =  e/huj  = 
0.42  A/W  at  the  wavelength  used. 

The  second  wider  photocurrent  profile  measured  with  an  Argon  ion  laser  pumped 
Ti:Sapphire  laser  tuned  to  a  wavelength  of  A  =  800  nm  has  a  width  of  dpwHM  =  800  nm. 
The  corresponding  photon  energy  of  E=1.55eV  is  well  below  the  AlGaAs  absorp¬ 
tion  edge  of  the  quantum  well  cladding  layers.  The  increased  width  is  understood 
by  taking  into  account  the  enlarged  diffraction  limited  laser  spot  diameter  of  about 
dpwHM  =680nm.  The  high  sub-pm  spatial  resolution  of  this  photodetector  is  therefore 
almost  unaffected  by  the  increased  absorption  length  of  the  red  light,  since  the  photo¬ 
sensitive  sheet  is  given  by  the  quantum  well  layer. 

The  responsivity  decreases  compared  to  the  excitation  with  green  light,  since  the 
absorbing  volume  is  restricted  to  the  GaAs  layers.  To  obtain  the  same  photocurrent  of 
Iec  =  210  nA  a  higher  laser  intensity  of  about  Pl  =  1.3  nW  at  A  =  800  nm  is  required. 

The  variation  of  the  emitter-collector  current  Iec  as  a  function  of  light  intensity  is 
shown  as  a  double  logarithmic  plot  in  figure  3  for  lateral  npn-structures  with  different 
barrier  heights  and  an  unstructured  mesa  as  reference.  The  wavelength  of  the  illuminat¬ 
ing  light  was  A  =  514.5  nm  and  the  applied  bias  voltage  Uec  =  100  mV.  The  different  line 
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Figure  2:  Spatially  resolved 
photocurrent  curve  of  a  pho¬ 
totransistor  structure  at  dif¬ 
ferent  exciting  wavelengths. 
The  upper  curve  is  shifted 
by  25  nA  for  clarity.  The  in¬ 
set  shows  schematically  the 
principle  of  operation  of  the 
device. 
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segments  correspond  to  measurements  with  different  combinations  of  neutral  density  fil¬ 
ters. 

The  current  of  the  unstructured  mesa  is  determined  by  the  resistance  of  the  two- 
dimensional  electron  gas  which  is  about  25  kfi  for  the  given  geometry.  It  is  barely  in¬ 
fluenced  by  the  illumination.  Only  at  illumination  levels  above  Pl  =  100  the  carrier 
concentration  in  the  sample  increases  noticeably  and  the  resistance  decreases  slightly. 

The  photocurrent  curves  of  the  npn- structures  can  be  divided  in  three  regions.  At 
very  weak  illumination  the  current  is  dominated  by  the  individual  dark  current  of  the 
structure  and  is  insensitive  to  the  illumination.  At  increased  illumination  levels  the  cur¬ 
rent  is  well  controlled  by  the  incident  light  intensity.  Increasing  the  illumination  further, 
the  current  saturates  and  reaches  the  reference  values  of  the  unstructured  mesa,  indi¬ 
cating  a  lateral  flat  band  condition.  Even  the  highly  doped  barriers  can  be  completely 
eliminated  by  illumination.  This  proves  once  more,  that  laser-induced  Zn  doping  does 
not  degrade  the  sample’s  quality. 


Figure  3:  Influence  of  the  incident  light  intensity  on  the  photocurrent  for  struc¬ 
tures  with  different  potential  barriers  (Uec  =  100  mV).  The  current  in  the  refer¬ 
ence  mesa  structure  is  also  shown. 
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Figure  4:  Two  linescans 
measured  with  different  ap¬ 
plied  bias  voltages.  The  in¬ 
set  shows  the  spatially  re¬ 
solved  DC  photocurrent  with 
an  applied  AC  voltage. 


The  dark  current,  the  responsivity  and  the  sensitive  region  of  a  npn-structure  is 
mainly  determined  by  the  Zn  doping  concentration  and  consequently  by  the 
barrier  height.  Besides  the  dark  current  also  the  responsivity  drops  down,  e.g.  from 
R  =  7‘10^  A/W  down  to  R  =  0.7  A/W  when  the  potential  barrier  increases  from  Eb  =  200 
to  Eb  =  633meV.  The  sensitive  region  is  limited  by  the  dark  current  on  the  one  side 
and  the  saturation  light  intensity  on  the  other  side.  The  dynamic  range  of  low  doped 
phototransistors  is  indeed  very  small  since  these  devices  exhibit  a  large  dark  current 
and  saturate  at  rather  low  light  intensities.  For  example  a  200  meV  barrier  is  flattened 
out  by  a  light  intensity  of  only  Pl  =  lOOpW.  The  samples  with  high  potential  barriers 
demonstrates  in  contrast  phototransistor  action  over  an  intensity  range  of  more  than  5 
decades  at  the  cost  of  internal  gain. 

The  dependence  of  the  responsivities  on  the  doping  concentration  can  be  compared 
with  the  current  gain  of  conventional  bipolar  transistors.  The  emitter  efficiency  and 
accordingly  the  current  gain  is  proportional  to  the  ratio  of  the  emitter  to  base  doping 
concentration  hpE  ^  Ne/(Nb-W)  and  increases  with  decreased  base  doping  concentration 
Nb  and  with  decreased  base  width  W  [6].  The  responsivities  of  our  lateral  phototran¬ 
sistor  structures  increase  strongly  with  decreased  base  doping,  similar  to  conventional 
vertical  transistors.  The  high  obtainable  responsivities  confirms  also  the  small  lateral 
extension  of  the  base  W. 

The  current- volt  age  characteristics  Iec  of  the  lateral  phototransistors  at  various  il¬ 
lumination  levels  resemble  the  corresponding  current- volt  age  characteristics  of  a  conven¬ 
tional  bipolar  transistor  with  different  bias  currents.  The  current  saturates  at  voltages 
Uec  >  1 V  and  proofs  the  transistor  action  of  this  device. 

Figure  4  shows  two  linescans  across  a  phototransistor  structure  with  higher  applied 
voltages  of  Uec  =  -1-0.4  V  and  Uec  =  -0.4V  respectively.  The  lineshape  becomes  asym¬ 
metric  with  a  tail  located  at  the  positive  biased  side  of  the  structure.  The  maximum 
shifts  in  the  same  direction.  If  the  applied  voltage  is  inverted,  the  lineshape  is  basically 
reflected  at  the  origin.  The  pn-diode  from  base  to  collector  is  reverse  biased  and  the 
np-diode  from  emitter  to  base  is  forward  biased.  The  main  part  of  the  applied  voltage 
drops  therefore  at  the  reverse  biased  base  to  collector  diode.  The  depletion  length  of  this 
pn-j unction  increases  consequently  with  the  applied  bias  voltage  whereas  the  depletion 
length  of  the  forward  biased  emitter  base  np-junction  decreases  slightly.  The  changes  in 
the  observed  photocurrent  profiles  are  caused  by  the  altered  depletion  length,  since  pho- 
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togenerated  electron- hole  pairs  are  mainly  separated  in  the  space- charge  regions.  The 
collector  and  accordingly  the  longer  tail  of  the  lateral  npn-structures  are  always  located 
at  the  positive  charged  side  of  the  structure. 

The  inset  of  figure  4  demonstrates  a  special  application  of  this  voltage  dependent 
changes  in  the  photocurrent  lineshape.  In  this  linescan  we  have  recorded  the  DC  current 
with  an  applied  AC  voltage  of  Uac  =  0.5  V,  The  AC  components  of  the  signal  are  sup¬ 
pressed  by  a  RC  lowpass  filter.  The  measured  lineshape  is  the  spatial  derivative  of  the 
photocurrent  profile.  We  can  understand  this  behaviour  considering  that  the  center  of 
gravity  of  the  photocurrent  profile  is  always  shifted  towards  the  positive  charged  side  of 
the  device  and  that  the  direction  of  the  photocurrent  changes  it’s  sign  when  the  applied 
voltage  is  reversed.  The  conventional  way  to  measure  the  spatial  derivative  of  a  light 
distribution  is  to  modulate  the  position  of  the  detector,  and  measure  the  AC  compo¬ 
nent  of  the  photocurrent  with  a  lock-in-amplifier.  With  our  proposed  new  measurement 
method  the  modulation  of  the  position  is  obtained  by  applying  an  AC  bias  voltage  Uec- 
The  lateral  phototransistor  structures  change  the  sign  of  the  photocurrent  in  phase  with 
the  applied  voltage  Uec  and  contain  therefore  a  ’’built  in”  lock-in  amplifier. 

4.  Conclusion 

In  conclusion,  we  have  fabricated  a  new  kind  of  phototransistor  with  lateral  npn-geometry 
by  laser-induced  local  Zn  doping  of  a  GaAs/AlGaAs  quantum  well  sample.  The  high 
gain  of  these  transistors  demonstrate  the  high  quality  of  the  fabrication  method.  The 
lateral  sub-pm  resolution  and  the  ability  to  measure  directly  the  spatial  derivative  of  a 
light  distribution  are  of  substantial  interest  for  detector  systems  with  high  spatial  reso¬ 
lution. 
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Ga203  films  for  insulator/III-V  semiconductor  interfaces 
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Abstract.  Film  and  interface  properties  of  Ga203  films  deposited  by  electron-beam  evaporation 
from  a  high-purity  single-crystal  Gd3Ga50i2  source  are  reported.  The  amorphous  dielectric  Ga203 
films  are  stoichiometric,  homogeneous  and  very  uniform  in  thickness  and  refractive  index  over  a 
2  inch  wafer.  Optical  properties  including  refractive  index  (n  =  1.84  -  1.88  at  980  nm  wavelength) 
and  bandgap  (4.4  eV)  were  found  to  be  close  or  identical,  respectively,  to  Ga203  bulk  properties. 
Reflectivities  as  low  as  10*^  for  Ga203-GaAs  structures  and  a  small  absorption  coefficient  (=100 
cm'^  at  980  nm)  were  measured.  Dielectric  properties  include  a  static  dielectric  constant  (9.9  - 
10.2)  identical  to  bulk  Ga203  and  dc  breakdown  fields  up  to  3.6  MV/cm.  InGaAs/GaAs  separate 
confinement  heterostructure  single  quantum  well  (SCH-SQW)  lasers  emitting  at  980  nm  were 
fabricated  with  low  reflectivity  Ga203  front  facet  coatings.  The  peak  power  is  limited  by  thermal 
rollover  and  catastrophic  optical  mirror  damage  (COMD)  was  not  observed  even  at  high  optical 
power  densities  of  17  MW/cm^  at  the  front  facet.  Finally,  we  show  that  ultra-high  vacuum 
processing  combining  molecular  beam  epitaxy  and  Ga203  film  deposition  provides  dielectric- 
GaAs  structures  with  low  interface  recombination  velocity/interface  state  density. 


1.  Introduction 

Dielectric  films  find  a  wide  range  of  applications  from  passivation  of  surface  states  in  various 
types  of  conventional  and  low-dimensional  devices  to  metal-insulator-semiconductor  field- 
effect  devices.  The  lack  of  stable  dielectric  films  providing  a  low  interface  state  density  is  still 
a  serious  drawback  of  III-V  semiconductors  [1,  2].  Different  dielectric  materials  including 
Si3N4,  SiOx,  AI2O3,  and  Ga20x  have  been  used  in  combination  with  di*y,  liquid,  and 
photochemical  semiconductor  surface  treatments  [3  -  7].  Recently,  Aydil  et  al.  [8, 9]  achieved 
passivation  of  surface  states  during  a  NH3  or  H2  plasma  treatment  at  room  temperature  by 
removal  of  excess  As  and  AS2O3  and  subsequent  fonnation  of  a  64263  film  (a  few  monolayers 
thick)  on  the  GaAs  surface.  Furthermore,  64263  films  are  chemically  stable  on  GaAs  as 
demonstrated  by  thermochemical  phase  diagrams  [10].  This  paper  reports  on  film  and 
interface  properties  of  64263  films  deposited  by  electron-beam  evaporation  from  a  high- 
purity  single-crystal  Gd3Ga56i2  source.  These  64263  films  have  been  employed  for  low 
reflectivity  front  facet  coatings  on  InGaAs/GaAs  SCH-SQW  lasers  emitting  at  980  nm. 
Furthermore,  we  show  that  ultra-high  vacuum  processing  combining  molecular  beam  epitaxy 
and  64263  film  deposition  provides  dielectric-GaAs  structures  with  low  interface 
recombination  velocity/interface  state  density. 


2.  Film  fabrication 

Electron-beam  deposition  imparts  only  a  small  amount  of  energy  into  the  surface  [11]  and  is 
compatible  with  standard  semiconductor  processing  methods.  6ther  64263  thin  film 
fabrication  techniques  using  oxidation  of  evaporated  Ga  in  an  62  plasma  may  cause  severe 
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surface  damage  prior  to  deposition  and  did  not  produce  dielectric  Ga203  films  [6].  Splattering 
of  Ga203,  which  occurs  due  to  rapid  sublimation  during  electron-beam  heating,  can  be 
eliminated  by  using  a  single-crystal  Gd3Ga50i2  source  for  electron-beam  evaporation  [12]. 
Using  this  technique,  the  decrepitation  of  Gd3Ga50i2  controls  the  evolution  of  Ga203  during 
electron-beam  heating.  The  deposition  rate  is  kept  low  at  about  0.5  A/s  in  order  to  maintain  a 
high  purity  of  the  deposited  Ga203  film. 


3.  Ga203  films  deposited  in  a  vacuum  chamber 

Stoichiometric,  homogeneous,  and  uniform  dielectric  Ga203  amorphous  films  with 
thicknesses  between  40  and  4000  A  on  GaAs,  Si  and  fused  silica  substrates  have  been 
fabricated  in  a  vacuum  chamber.  The  background  pressure  in  the  chamber  was  1  "  ^  x  10 
Torr.  Both  cases  of  no  excess  oxygen  and  introduction  of  additional  oxygen  into  the 
evaporation  chamber  have  been  investigated.  The  maximum  O2  partial  pressure  was  2  x  10 
Torr  when  additional  O2  was  introduced. 

3.1.  Ga20j  film  properties 

Thin  film  properties  including  stoichiometry,  microstructure,  phase,  oxidation  state, 
homogeneity,  uniformity,  and  temperature  integrity  as  well  as  optical  and  electncal 
characteristics  have  been  investigated.  An  excellent  uniformity  and  homogeneity  of  our  Ga203 
films  over  a  2  inch  wafer  was  demonstrated  by  ellipsometry  and  Auger  depth  profiling.  The 
Ga203  films  are  stoichiometric  (Fig.  1)  and  amorphous  as  shown  by  Rutherford  backscattering 
spectroscopy  (RBS)  and  X-ray  photoelectron  spectroscopy  (XPS)  as  well  as  transmission 
electron  microscopy  (TEM),  respectively.  The  films  maintain  their  integrity  during  annealing 
up  to  800  “C  on  GaAs  and  up  to  1200  “C  on  Si  substrate.  Optical  properties  including  refractive 


Fig.  1.  Rutherford  backscattering  spectra  measured  on  Ga203  films  deposited  with  introduction 
of  additional  oxygen  into  the  deposition  chamber.  An  excellent  agreement  between 
simulated  and  experimental  curves  indicates  homogeneous  and  stoichiometric  films  with 
40  %  Ga  and  60  %  O  for  moderate  substrate  temperatures. 
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Fig.  2.  Measured  reflectivity  vs  wavelength  of  a  Ga203-GaAs  structure.  The  measured 
reflectivity  minimum  is  <  10’^  at  885  nm  wavelength  which  is  in  excellent  agreement 
with  the  simulation  data.  The  film  thickness  is  1170  A. 

index  (n  =  1.841  -  1.885  at  980  nm  wavelength)  and  bandgap  (4.4  eV)  are  close  or  identical, 
respectively,  to  Ga203  bulk  properties  as  shown  by  spectroscopic  ellipsometry  and  optical 
transmission  measurements.  Reflectivities  as  low  as  10'^  for  Ga203-GaAs  structures  (Fig.  2) 
and  a  small  absorption  coefficient  (==100  cm'^  at  980  nm)  insensitive  to  substrate  deposition 
temperature  were  measured.  The  static  dielectric  constant  of  the  films  (9.9  -  10.2)  is  identical 
to  bulk  Ga203 .  The  highest  breakdown  field  measured  was  3.6  MV/cm  and  it  was  found  to 
degrade  only  by  6  %  after  exposure  of  the  films  to  typical  device  processing  temperatures  up 
to  400  “C.  A  detailed  discussion  of  thin  film  properties  can  be  found  in  Ref.  13. 

3.2.  Ga20^  optical  coatings 

Low  reflectivity  Ga203  front  facet  coatings  on  high  power  lasers  are  reported  in  Ref.  14. 
Ridge-waveguide  InGaAs/GaAs  SCH-SQW  lasers  emitting  at  980  nm  were  fabricated.  The 
laser  structure  was  grown  by  organometallic  vapor  phase  epitaxy  (OMVPE)  on  n'^-GaAs 
substrate  and  consists  of  a  0.5  pm  thick  n+-GaAs  buffer  layer,  a  1  pm  thick  n-Ino.5Gao.5P 
cladding  layer,  a  0.1  pm  thick  undoped  GaAs  optical  confinement  layer,  a  7  nm  undoped 
Ino  2Gao  g As  quantum  well,  a  0. 1  pm  thick  undoped  GaAs  optical  confinement  layer,  a  0. 1  pm 
thick  p-Ino.5Gao.5P  cladding  layer,  a  6  nm  GaAs  etch  stop  layer,  a  1  pm  thick  p-Ino.5Gao.5P 
cladding  layer  and  a  0.2  pm  p"*"  GaAs  cap  layer.  After  processing  the  wafer  using  standard 
dielectric  deposition  and  metallization  techniques,  a  5  pm  thick  heat  spreading  Au  layer  was 
deposited  on  the  p-side  of  the  100  pm  thick  wafer  by  electrochemical  plating.  The  wafer  was 
subsequently  cleaved  into  750  pm  long  bars  and  the  laser  facets  were  coated.  The  low  (1  %) 
and  high  (98  %)  reflectivity  facets  were  implemented  by  a  Ga203  coating  and  by  Si02/Si 
distributed  Bragg  reflectors,  respectively.  Finally,  individual  laser  chips  were  bonded  in  a  p- 
side  down  configuration  on  BeO  submonts.  As  cleaved  6  pm  x  750  pm  SCH-SQW  ridge- 
waveguide  lasers  have  a  threshold  current  of  14.8  mA  and  an  external  differential  quantum 
efficiency  of  27  %  per  facet.  After  coating,  the  external  differential  quantum  efficiency  at  the 
front  facet  and  the  threshold  current  are  59  %  and  20  mA,  respectively.  A  high  maximum 
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Fig.  3.  Light  output  at  the  front  facet  under  continuous  wave  conditions  for  a  6  |im  x  750 

SCH-SQW  ridge  waveguide  laser  at  room  temperature  [14],  The  optical  power  density 
at  the  front  facet  is  17  MW/cm^  at  the  rollover  point. 

power  density  Pd  =  P  /  (W  d  /  T)  =  1 7  MW/cm^  at  the  front  facet  at  thermal  rollover  is  obtained, 
where  P,  W,  d,  and  T  are  the  maximum  output  power  at  the  front  facet,  the  ridge  width,  the 
thickness  of  the  active  layer  (quantum  well),  and  the  confinement  factor  (0.0245), 
respectively.  More  important,  repeated  cycling  beyond  thermal  rollover  produced  no  change 
in  operating  characteristics  and  the  lasers  did  not  exhibit  catastrophic  optical  mirror  damage. 
This  is  in  contrast  to  results  in  the  literature,  which  reported  catastrophic  optical  mirror 
damage  being  the  output  power  limiting  factor  at  front  facet  power  densities  between  5  and  15 
MW/cm^  [15  -  17].  In  pulsed  mode  operation,  an  optical  power  of  700  mW  was  measured  at 
1  A  using  a  1%  duty  cycle. 


4  Integrated  ultra-high  vacuum  processing 

An  integrated  ultra-high  vacuum  processing  system  first  proposed  by  Cho  in  1984  [18]  was 
used  to  combine  molecular  beam  epitaxy  and  dielectric  film  deposition.  Details  of  our  in-situ 
processing  system  are  described  elsewhere  [19].  Deposited  dieiectric-GaAs  stmctures  with 
low  interface  recombination  velocity/interface  state  density  are  reported  in  Ref.  20  for  the  first 
time.  A  1.5  pm  thick  GaAs  n-type  (2  x  lO^^cm'^)  layer  was  grown  by  molecular  beam  epitaxy 
on  a  n^  doped  (100)  GaAs  substrate.  Subsequently,  the  wafer  was  transferred  into  another 
chamber  for  deposition  of  the  dielectric  film.  Finally,  Ga203  films  were  deposited  by  electron- 
beam  evaporation  from  a  single-crystal  Gd3Ga50i2  source  at  substrate  temperatures  ranging 
from  0  “C  to  500  °C.  No  optimization  of  the  deposition  process  has  been  carried  out.  The 
Ga203-GaAs  interface  was  investigated  by  photoluminescence  measurements  using  an  argon 
ion  laser  (k  =  514.5  nm)  operated  at  an  optical  power  density  of  0.5  W/cml  Fig.  4  shows  the 
photoluminescence  data  measured  on  an  in-situ  fabricated  Ga203-GaAs  sample.  Compared  to 
the  photoluminescence  signal  of  the  bare  surface,  which  is  also  shown  in  Fig.  4,  the  integrated 
photoluminescence  intensity  of  the  in-situ  fabricated  Ga203-GaAs  sample  is  higher  by  a  factor 
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Luminescence  Wavelength  (nm) 

Fig.  4.  Photoluminescence  intensity  vs  wavelength  measured  for  an  in-situ  fabricated  Ga203-GaAs 
interface  (triangles)  and  on  a  bare  GaAs  surface  (circles)  [20].  The  inset  shows  the 
semiconductor  layer  structure  before  deposition  of  Ga203. 


of  420.  The  integrated  photoluminescence  signal  F,  derived  for  a  semiconductor  absorption 
coefficient  a  which  is  much  larger  at  the  excitation  wavelength  than  at  the  wavelength  of  the 
photoluminescence  emission  [21],  is  given  for  flatband  condition  by 


(I-R)GoLY  aL  +  SL/D 
4ntp  VaL(aL+ 1)  (1 +SL/D) 


Here,  L,  Gq,  D,  and  S  are  the  minority  carrier  diffusion  length,  the  carrier  generation  rate  at 
the  surface,  the  bulk  radiative  lifetime,  the  minority  carrier  diffusion  coefficient,  the  surface 
recombination  velocity,  and  the  sample  reflectivity,  respectively.  According  to  Eq.  (1),  the 
surface  recombination  velocity  at  the  Ga203-GaAs  interface  is  less  than  10^  cm/s.  The  sample 
was  also  found  to  be  stable  during  photoexcitation.  Preliminary  time  resolved 
photoluminescence  measurements  indicated  photoluminescence  lifetimes  in  the  ns-range. 
Capacitance-voltage  measurements  on  metal-Ga203-GaAs  structures  demonstrated  both 
accumulation  and  inversion. 


5.  Conclusions 

Film  and  interface  properties  of  Ga203  films  deposited  by  electron-beam  evaporation  from  a 
high-purity  single-crystal  Gd3Ga50i2  source  were  reported.  Thin  film  properties  including 
stoichiometry,  microstructure,  phase,  homogeneity,  uniformity,  and  temperature  integrity  as 
well  as  optical  and  electrical  characteristics  make  these  films  well  suited  for  electronic  and 
optoelectronic  applications.  Ultra-high  vacuum  processing  combining  molecular  beam 
epitaxy  and  Ga203  film  deposition  provided  deposited  dielec tric-GaAs  structures  with  low 
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interface  recombination  velocity/interface  state  density. 
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The  GalnAsSb  epilayers  were  grown  by  raetalorganic  chemical  vapor  deposition 
(MOCVD).  The  n-type  and  p-type  doping  characteristics  by  using  Te  and  Zn  as 
dopants  were  investigated  and,  hence,  various  PN  and  PIN  multilayer  structural  mate¬ 
rials  were  prepared  on  GaSb  substrates.  GalnAsSb  photodetectors  were  fabricated 
with  room  temperature  detectivity  ofD/  =5.  04x  lO'^cmHz*'^^  /  W. 

1.  Introduction 

E-V  antimony  containing  compound  semiconductors  are  promising  materials  for 
long  wavelength  optoelectronics.  The  preparation  of  GalnAsSb  materials  and 
photodetectors  are  potential  important  in  2'^4^m  range.  Several  reports  on  the  growth 
of  these  materials  by  LPE,  MBE  and  MOCVD  have  been  published^  Although 
MOCVD  has  many  advantages  compared  with  other  growth  techniques,  a  few  work 
on  n-type  and  p-type  doping,  growth  of  structural  materials  and  fabrication  of 
photodetectors  by  MOCVD  has  been  reported.  In  this  paper,  the  investigation  on 
n-type  and  p-type  doping  characteristics  for  GaSb  and  GalnAsSb  materials  and 
the  preparation  of  multilayer  structures  for  2-4^m  photodetectors  by  MOCVD 
are  presented. 

2.  Experimental 

The  epitaxial  growth  was  carried  out  in  a  horizontal  MOCVD  system  at  atmos¬ 
pheric  pressure  using  TMG,  TMIn,  TMSb  and  AsHj  as  the  metalorganic 
sources  and  n-GaSb  as  the  substrates.  DETE  and  Zn  as  well  as  DEZn  were  used 
as  n-type  and  p-type  dopant  respectively.  The  influence  of  growth  procedure 
and  parameters  on  layer  properties  were  investigated  in  detail  to  obtain 
the  following  optimum  conditions^^~^^:  Tg=  550—  600*C  ,  V  /  E  =  1,  0—  1.  5,  Pjn  =  5— 
10  X  10'^  atm,  TMIn  /  IH  =  0~0.  3,  TMSb  /  V  =  0.  8~  1.  0,  H2  =  3.  5  SLM. 

The  characterization  of  GalnAsSb  multilayers  was  made  by  scanning  electron  mi¬ 
croscope  for  surface  and  interface  morphology,  by  electron  probe  microanalysis  for  sol¬ 
id  compositions  and  by  Van  de  Pauw  technique  for  electrical  properties.  The  PN 
GalnAsSb  photodetectors  were  characterized  by  I— V  curve  and  detectivity 


measurements. 


electron  concxmfcratk)n{cm  ^ 
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3,  Results  and  Discussions 

In  the  previous  work,  p-GalnAsSb  epilayers  with  background  concen 
-trations  of  about  were  grown  directly  onto  n-GaSb  substrates  to  form 

PN  junctions^  2,9-11]  ^  known  that  the  lattice  constant  of  P— 

GalnAsSb  quaternary  alloy  is  very  difficult  to  be  controlled  precisely  matched  to  n 
-GaSb  substrate  and  high  density  of  misfit  dislocations  will  be  created  at  the  PN  junc¬ 
tion  region,  which  are  quite  harmful  to  the  preformance  of  PN  photodiodes. 
Furthermore,  the  background  concentrations  of  GalnAsSb  epilayers  are  sensitively  in¬ 
fluenced  by  growth  conditions  and  also  difficult  to  be  reproducibly  controlled. 

In  this  case,  it  is  necessary  to  study  the  n-type  doping  processes  in  GalnAsSb 


epilayers  for  fabricating  homo-  and  hetero-junction  photodetectors.  For  n-type 
dopant,  DETe  was  selected  in  the  present  work  with  the  reduction  of  its  strong 
memory  effect  in  the  reaction  system.  Fig.  1  shows  the  relationship  between  n-type  car¬ 
rier  concentrations  in  Te— doped  GaSb  and  GalnAsSb  and  DETe  partial  pressures  in 
the  vapor  phase  together  with  the  results  of  Te-GaSb  by  other  authors^  It  can 

be  seen  that  the  electron  concentrations  of  n  =  2  x  8  x  lO^^cm  ^  and  n  =  2  x  10  ^ 

5x  lO^^cm”^  have  been  obtained  for  GaSb  and  GalnAsSb  alloys  respectively  and  the 
incorporation  chacteristics  for  Te  in  GaSb  and  GalnAsSb  are  almost  the  same,i.e, 
they  all  have  a  saturated  concentration  caused  by  native  point  defects  in  these 
epilayers  during  growth.  The  variation  of  Hall  mobility  at  room  temperature  with  elec¬ 
tron  concentration  is  shown  in  Fig.  2.  The  Hall  mobilities  of  3,300^  1,303  cm  /  V.s 
and  200  cm^/V.s  were  obtained  for  GaSb  and  GalnAsSb  respetively,  in 


Dopant  partial  pressure{atm) 

Variation  of  electron  concentration  at  300K 
with  dopant  partial  pressure  for  GaSb  and 
GalnAsSb  epilayers  grown  on  Ga.'Xs  substrate. 
(a)DFre  doped  GaSb, present  work;  (b)DETe 
d<i»d  GalnAsSb, present  work;  (c)DMTe  doped 
GaSb,  RPascal  ;  (d)DETe  doped  GaSb, 
Nakamura  ;  (e)HaSe  doped  GaSb, Nakamura 
(ODETe  doped  GaAs,  Collins 


nH(cm'^ 

Fig  2  Variation  of  Hall  mobility  with  carrier 
concentration  for  DCTe  doped  GaSb  and 
GalnAsSb  epilayers  grown  on  GaAs  subetrates 
a)Te-GaSb, present  work;  b)Te-GaIrL.\sSb, 
present  work;  c)Te-GaSb,F.Pa3cal  ; 
d)Te-<jaSb,  Nakamura 
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which  the  results  of  GaSb  are  comparable  with  that  obtained  in  the  literature  by  MBE 
and  while  that  of  GalnAsSb  have  not  yet  been  reported. 

3.2  P-type  doping 

In  order  to  grow  PN  junction  multistructures,  p-type  GalnAsSb  over  layers  should 
be  deposited  onto  n-GaSb  layers.  As  mentioned  above,  DETe  has  strong  memory  ef¬ 
fect  and  the  background  concentration  of  the  alloy  is  difficult  to  control.  Therefore,  p 
-type  doping  investigations  were  studied  in  detail. 

Since  the  p-type  doping  for  Sb-compound  is  very  scarce^ we  have  employed 
several  doping  method,  such  as  metallic  Zinc,  metalorganic  DEZn  and  DEZn  diluted  in 
H2  Using  metallic  Zinc  as  a  p-type  dopant,  the  hole  concentrations  of  p  =  3  x  10^^^  1 
X  10^*cm”Vith  Hall  mobilities  of  ;i  =  880-*'200cra^/  V.s  for  GaSb  and  p  =  5  x  1  x 
10^*cm"^  with  Hall  mobilities  of  =  180cm^/ V.s  for  GalnAsSb  have  been  ob¬ 

tained  respectively,  as  shown  in  Fig.  3.  In  the  case  of  using  DEZn,  GaSb 
and  GAInAsSb  epilayers  with  carrier  concentrations  as  high  as  p  =  2.7x 
lO^^cm"^  and  p  =  4x  lO^^cm"^  were  achieved.  The  later  concentrations  may  be 
suitable  not  only  for  active  layers,  but  also  for  top  contact  layers. 

3.3  Multistructures  and  Photodetectors 

Based  on  the  above  doping  study,  various  types  of  PN  and  PIN  multilayer 
GalnAsSb  structural  materials  were  grown  on  GaSb  substrates.'  Each  of 
these  materials  has  a  0.5//m  p"^  or  n^  contact  layer  and  a  more  than 
llim  GaSb  buffer  layer.  The  typical  structural  materials  prepared  are: 
p^-GalnAsSb  /  p-GalnAsSb  /  n-GaSb(Sub),p-GaInAsSb  /  p"-GaInAsSb  /  n-GaSb 
/  n-GaSb  (Sub),  p’^-GalnAsSb  /  p'”-GaInAsSb  /  n““GaInAsSb  /  n-GaSb  /  n-GaSb 
(Sub). 

Using  these  structural  materials,  GalnAsSb  photodetectors  were  fabricated^  . 
The  ohmic  contacts  were  made  by  Auln  alloy  on  the  p-type  epilayers  and  AuGeNi  alloy  on 


Fig  3  Variation  of  Hall  mobility  on  carrier 

ooncentration  for  p-tj'pe  doped  and  \mdoped 
GaSb  and  GalnAsSb.  a)Zn-GaSb,  present  work, 
b)Zn-GaInA^, present  work;  c)undoped-GaSb, 
present  work;  d)imdoped  GalnA^, present 
work;  ^-G^  grown  by  MBE,  T.M.Rcesi; 


voltage(0.5V/div) 

Fig  4  I-V  characteristic  curves -for  GalnAsSb 
photodiodes  fabricated  with  different 
structural  materials  at  room  temperature. 

a) i>-GaInAsSb/n-GaInA£Sb/n-GaSb,present  work; 

b) n-GahiA^/p-GaSb,pre3ent  work; 

c) p'*-GaInA£b/p-GaInAsSb/n“-GaInAdSb/n*-GaSb/ 
GaSb(PIN), present  work; 

d) p-GahiA^/n-GaSb,Xu  chenmei  (LPE); 

e) p-GaInAsSb/THjaSb,Bougnot  (77k); 
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the  n-type  subsurates.  Fig.  4  shows  the  typical  I-V  characteristic  curve  for  these  PN 
photodetectors  at  room  temperature,  compared  with  that  obtained  by  other  authors^  ^  ^ . 
The  reverse  background  voltage  of  -1.5V  and  dark  current  of  lOnA  were 
obtained.  The  detectivities  at  room  temperature  are  almost  in  the  range  of  =10*- 
lO^cmHz^^VW  with  a  typical  peak  detectivity  of  Dj*  =5.04x  IOWHz^^VW,  which  is 
comparable  to  that  obtained  in  recent  literatures^^'^~'^^l  The  influence  of  substrate  quality,  solid 
composition  in  GalnAsSb,  doping  concentration  and  lattice  imperfection  at  PN  junction  on 
detector  performance  has  been  investigatedt'^l  It  is  believed  that  the  performance  of  GalnAsSb 
photodetectors  made  of  doped  epitaxial  multistructures  can  be  more  effecUvely  improved  than 
that  of  undoped  heterojunctions. 

4.  Conclusion 

In  this  paper,  the  investigations  on  n-type  and  p-type  doping  characteristics  for  MOCVD 
GaSb  and  GalnAsSb  epflayers  have  been  reported  and  the  multistructures 
with  high  electrical  properties  have  been  obtained.  Using  these  PN  and  PIN  GalnAsSb 
multistructural  materials,  2~  4/jm  photodetectors  has  been  fabricated  with  the  room 
temperature  detectivity  of  D/  =5.04x  lO’cmHz'^^/ W. 
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InGaAs/AIGaAs  quantum  well  infrared  photodetectors 
with  3-5  Jim  response 
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Abstract:  We  demonstrate  the  detection  of  mid-wavelength  infrared  (~3-5  nm) 
radiation  by  intersubband  transitions  in  multiple  quantum  well  structures. 
These  devices  exploit  the  large  conduction  band  offset  between  InjfGaj^.jjAs  and 
AlyGai.yAs  in  order  to  obtain  shorter  wavelength  detection  than  is  available 
with  the  more  conventional  AlyGa^.yAs/GaAs  infrared  photodetector 
technology.  The  peak  detector  response  is  shifted  from  4.8  to  4.3  pm  by 
increasing  the  indium  fraction  from  x  =  0.05  to  x  =  0.20,  while  simultaneously 
decreasing  the  well  width  to  keep  the  first  excited  eigenstate  near  the  top  of  the 
wells.  These  detectors  can  be  integrated  with  AlyGa^.yAs/GaAs  long- 
wavelength  (8-12  pm)  infrared  quantum  well  detectors  for  multi-band  imaging 
applications. 


1.  Introduction 

With  the  maturation  of  compound  semiconductor  growth  and  device  fabrication, 
there  is  increasing  interest  in  applications  to  infrared  photodetector  technology. 
The  III-V  material  system  in  particular  offers  excellent  uniformity  and  control, 
which  is  very  attractive  for  use  in  detector  arrays.  The  development  so  far  (for  a 
review  see  Levine  [1])  has  concentrated  on  AlyGaj.yAs/GaAs  quantum  well  infrared 
photodetectors  (QWIPs),  which  are  most  suitable  for  the  long-wavelength  infrared 
atmospheric  window  (8-12  pm).  However,  for  many  applications  the  mid¬ 
wavelength  infrared  (3-5  pm)  region  offers  better  or  complimentary  information.  In 
this  paper  we  utilize  III-V  related  compounds  (InGaAs  and  AlGaAs)  grown  on 
GaAs  substrates  to  achieve  mid-wavelength  infrared  detection.  These  detectors  can 
then  be  integrated  with  the  more  conventional  long-wavelength  infrared  AlyGa^.yAs/ 
GaAs  QWIPs  for  multi-band  imaging  applications. 
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2.  Device  Design 

In  a  QWIP  the  infrared  radiation  is  absorbed  via  intersubband  transitons  between  the 
ground  state  (Eq)  and  the  first  excited  state  (E^)  of  the  quantum  wells.  In  order  to 
efficiently  collect  the  photoexcited  carriers,  the  excited  state  must  be  near  the  top  of 
the  barriers  [2],  The  detector  wavelength  response  consists  of  a  narrow  symmetric 
peak  centered  at  (EpEo)  in  the  case  of  a  bound  final  state  (bound-bound  QWIP)  or 
a  broader  response  with  a  low  energy  threshold  near  (Ej-  Eq)  in  the  case  of  an 
extended  final  state  (bound-continuum  QWIP)  [1].  The  curve  in  Figure  la  shows 
the  calculated  energy  level  spacing,  (Ej-  Eq),  for  an  AlyGa^.yAs  /GaAs  QWIP  as  a 
function  of  the  A1  alloy  fraction  (y),  with  the  GaAs  well  width  varied  so  as  to  keep 
the  excited  state  in  resonance  with  the  top  of  the  barrier.  The  shortest  available 
wavelength  is  5.3  pm,  corresponding  to  y=0.45.  Above  45%  Al,  the  barrier  band 
gap  becomes  indirect  and  the  transport  of  the  photoexcited  carriers  deteriorates  due 
to  F-X  scattering.  Such  indirect  band  gap  QWIPs  have  been  found  to  exhibit 
unusually  high  dark  currents  [3].  As  described  by  Schneider  et  al.  [4],  one  means 
around  this  problem  is  the  use  of  thin  AlAs  cladding  layers  which  shift  the  QWIP 
response  to  shorter  wavelength.  However,  questions  remain  on  the  understanding 
of  such  devices  and  the  optimization  of  their  design  [5]. 

Because  of  the  larger  band  offsets,  shorter  wavelengths  can  be  obtained 
directly  by  switching  to  InGaAs  wells  and  AlGaAs  barriers.  This  is  shown  in  Figure 
lb,  where  the  calculated  energy  level  spacing  (Ex'^o)  plotted  as  a  function  of  In 
fraction  (x)  for  In^Gai.^As  wells  and  either  GaAs  (dashed  curve)  or  Alo.45Gao  55AS 
(solid  curve)  barriers.  We  approximated  the  InxGax.xAs/Alo.45Gao  55AS  conduction 


Figure  1:  Dependence  of  calculated  intersubband  transition  energies  on  a)  Al  fraction  for 
AlyGai.yAs/GaAs  and  b)  In  fraction  for  In^Gai-xAs/Alo  45Gao  55AS  (solid  curve)  and 
InxGai.xAs/GaAs  (dashed  curve). 
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band  offset  by  adding  the  known  band  gap  difference  for  GaAs/AJo  45Gao  55AS  to 
that  for  In^Gai.^As/GaAs.  Again  the  calculations  are  shown  for  varying  well  width 
such  that  the  excited  state  is  at  the  top  of  the  barriers.  With  GaAs  barriers,  the 
energy  spacing  is  too  small  for  mid-wavelength  or  even  long-wavelength  infrared 
detection  and  is  used  instead  in  the  extended-wavelength  region  (11-18  pm)  [1]. 
However,  by  combining  In^Ga^.x^s  with  AIq. 45 Gao  5 5 As  easily  reach  the 

mid-wavelength  infrared. 

Unfortunately,  we  are  limited  by  the  fact  that  the  epitaxial  InGaAs  layers  are 
strained  and  hence  are  subject  to  relaxation  beyond  an  x-dependent  critical 
thickness.  The  resulting  dislocations  may  be  expected  to  deteriorate  the  device 
performance.  Very  recently,  Fiore  et  al.  [6]  applied  the  cladding  approach  to  these 
materials,  using  very  thin  AlAs  layers  in  an  Ino,i6Gao  84As/Alo.37Gao  63AS  QWIP  to 
obtain  4.5  pm  detection.  Here  we  choose  to  study  simply  the  InGaAs/ AlGaAs 
devices  first,  without  introducing  cladding  layers.  However,  we  do  decrease  slightly 
the  well  thicknesses  in  the  high  x  samples  from  the  optimum  values  in  order  to  avoid 
dislocations.  This  means  that  the  excited  state  is  relatively  high  in  the  continuum 
and  the  peak  response  will  be  shifted  to  somewhat  higher  wavelength  from  that 
shown  in  Figure  lb. 

Our  structures  consist  of  32  periods  of  In^Ga^.x^s  wells  separated  by  350  A 
Alo.45Gao  55AS  barriers.  We  report  on  four  samples,  with  indium  fractions  of  x  = 
0.05,  0.10,  0.15,  and  0.20  and  corresponding  well  widths  of  40,  37,  33,  and  29  A, 
respectively.  (The  calculated  well  thickness  for  resonance  of  the  excited  state  with 
the  top  of  the  barrier  is  40,  39,  38.5,  38  A,  for  x  =  0.05,  0.10,  0.15,  and  0.20 
respectively.)  The  wells  are  center  delta-doped  with  Si  to  5  x  10^1  cm‘2.  These 
multiple  quantum  well  structures  are  sandwiched  between  1.5  x  lOl*  cm'^  Si-doped 
contact  layers  (0.4  pm  top  contact  thickness  and  0.7  pm  bottom  contact  thickness). 
The  structures  were  grown  by  molecular  beam  epitaxy  on  semi-insulating  GaAs 
substrates.  Mesa  structures  of  120  x  120  pm  were  then  fabricated  by  standard  wet 
chemical  etching  and  NiGeAu  alloy  contacts  were  made.  Infrared  light  coupling  to 
the  multiple  quantum  well  structures  is  provided  by  45®  edge  facets.  This  is 
necessary  because  the  optical  electric  field  must  have  a  component  in  the  growth 
direction  in  order  to  induce  an  intersubband  transition. 


3.  Results 

The  spectral  response  for  the  x  =  0.05  and  x  =  0.20  QWIPs  is  shown  in 
Figure  2  for  a  detector  bias  of  -2  V  applied  to  the  top  contact  with  respect  to  the 
bottom.  These  measurements  were  performed  using  a  Fourier  transform 
interferometer,  with  the  detectors  maintained  at  82  K  by  mounting  them  in  a  liquid 
nitrogen  cooled  optical  dewar.  Similar  spectra  are  observed  for  the  x  —  0.10  and  x 
-0.15  detectors,  but  shifted  in  wavelength  so  that  they  lie  between  the  curves  of 
Figure  2.  The  detector  response  peaks  at  wavelengths  of  4.81,  4.60,  4.45,  and  4.28 
±  0.02  pm  for  x  =  0.05,  0.10,  0.15  and  0.20,  respectively.  The  broad  spectral 
response  observed  in  Figure  2  (AX/X~  25%)  is  indicative  of  a  bound-to-continuum 


610 


Wavelength  (fim) 


Figure  2:  Spectral  response  at  82  K  for  In^Gai.^As/  AIq  45Gao  55AS  quantum  well 
infrared  photodetectors  with  In  fractions  of  x  =  0.05  and  x  =  0.20,  as  indicated.  The 
feature  at  4.25  pm  is  due  to  CO2  absorption  in  the  infrared  beam  path. 

QWIP  detector  [1].  The  sharp  dip  in  the  spectra  at  4.25  pm  is  caused  by  CO2 
absorption  in  the  infrared  beam  path  of  the  interferometer.  Since  this  feature  is  of 
interest  in  some  infrared  imaging  systems,  these  spectra  clearly  demonstrate  the 
good  response  of  our  detectors  for  such  applications. 

Next  we  quantitatively  investigate  the  magnitude  of  the  mid-wavelength 
infrared  response  of  the  detectors.  To  perform  this  calibration  we  used  a  1000  K 
black-body  source,  with  the  photocurrent  collected  by  standard  lock-in  techniques. 
These  responsivity  measurements  were  taken  at  the  peak  detection  wavelength  for 
each  sample,  which  was  selected  from  the  broad  black-body  spectrum  by  a  narrow 
bandpass,  tunable  interference  filter.  The  bias  dependence  of  the  peak  responsivity 
is  shown  by  the  dashed  curve  in  Figure  3  for  the  x  =  0.05  detector  for  unpolarized 
light.  Similar  voltage  dependences  are  observed  for  the  other  three  QWIPs.  The 
detectors  are  found  to  turn  on  at  very  low  bias,  again  in  agreement  with  the 
assignment  as  a  bound-to-continuum  QWIP.  There  is  a  small  photovoltaic  (zero 
bias)  response,  so  that  the  photocurrent  actually  reaches  zero  at  a  positive  bias  of 
roughly  0.25  V.  This  indicates  a  very  small  built-in  field  in  the  devices  [7]. 
Responsivities  of  the  order  of  tens  of  mAAV  are  observed.  This  response  is 
probably  limited  somewhat  by  our  use  of  high  A1  fraction  barriers  (y  —  0,45)  which, 
while  ensuring  a  large  conduction  band  offset,  also  have  low  mobilities  for  the 
transport  of  photoexcited  electrons.  Note  however  that  our  responsivities  are 
comparable  with  other  reports  of  InGaAs  mid-wavelength  infrared  QWIP  detectors 

A  more  illustrative  figure  of  merit  is  the  detectivity,  particularly  since  these 
detectors  have  very  low  dark  current  (in  comparison  to  long-wavelength  QWIPs). 
The  detectivity  can  be  obtained  from  D*  =  R  V^/.^4e  g  I  ,  where  R  is  the  measured 
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Figure  3:  Peak  (4.81  |Am)  responsivity  (dashed  curve)  and  detectivity  (solid  curve)  versus 
detector  bias  for  an  Thq  95AS/AI0  450^0  55AS  quantum  well  infrared  photodetector 

at  82  K. 


responsivity,  A  is  the  device  area,  g  is  the  noise  gain,  and  I  is  the  measured  dark 
current.  The  noise  gain  for  a  bound-to-continuum  QWIP  can  be  approximated  by 
the  photoconductive  gain  [9],  which  is  then  given  by  the  expression  g  =  hv  R/eT| 
where  r[  is  the  absorption  efficiency  and  v  is  the  photon  frequency.  The  absorption 
efficiency  is  found  by  converting  room  temperature  Brewster  angle  absorption 
measurements  to  82  K  and  45°  facet  geometry.  The  resulting  detectivity  versus  bias 
is  shown  in  Figure  3  (solid  curve)  for  the  x  =  0.05  detector.  The  detectivity  is 
observed  to  be  in  excess  of  10^®  cm  Vtfe/W.  The  dark  current  increases  more 
rapidly  with  bias  than  the  responsivity,  so  that  even  though  the  responsivity  is  not 
saturated,  the  detectivity  is  found  to  drop  to  about  5x10^  cmVpfe/W  for  |Vbias|  > 
5  V.  Detectivities  for  the  remaining  three  device  structures  are  0.7,  0.5,  and  1.9 
xlOlO  cmVHz/W  for  x=0.10,  0.15,  and  0.20  respectively  at  the  peak  detection 
wavelengths  and  a  bias  voltage  of  -2  V.  Therefore  there  appears  to  be  very  little 
degradation  in  the  QWIP  detectivities  despite  the  possibility  of  relaxation  in  the  high 
In  fraction  detectors.  These  detectivities  are  comparable  with  other  detectors 
commonly  in  use  in  the  mid-wavelength  infrared. 

In  conclusion,  InGaAs/AlGaAs  QWIPs  grown  on  GaAs  have  been  shown  to 
give  good  performance  in  the  detection  of  mid-wavelength  infrared  radiation.  At 
present,  we  are  fabricating  a  second  set  of  InGaAs/AlGaAs  QWIPS  with  wider  well 
widths  to  obtain  better  resonance  of  the  excited  state  with  the  top  of  the  barriers. 
In  the  event  that  the  relaxation  continues  to  pose  no  problem,  this  is  expected  to 
improve  the  peak  detectivity  and  shift  the  response  further  into  the  mid-wavelength 
infrared.  Further  efforts  will  then  be  directed  towards  the  integration  of  these 
detectors  with  long-wavelength  QWIPs  for  multi-color  applications. 


612 


ACKNOWLEDGEMENTS:  We  thank  P.  Chow-Chong,  P.  Marshall,  J.  Stapledon, 
and  J.  Thompson  for  device  fabrication.  This  work  was  supported  in  part  by  DND 
DREV. 


References 

1.  B.F.  Levine,  J.  Appl  Phys.  74,  R1  (1993) 

2.  H.C.  Liu,  J,  Appl  Phys.  73,  3062  (1993). 

3.  B.F.  Levine,  S.D.  Gunapala,  and  R.F.  Kopf,  Appl  Phys.  Lett.  58,  1551  (1991). 

4.  H.  Schneider,  F.  Fuchs,  B.  Dischler,  J.D.  Ralston,  and  P.  Koidl,  Appl.  Phys.  Lett. 

58,  2234  (1991). 

5.  H.C.  Liu,  P.H.  Wilson,  M.  Lamm,  A.G.  Steele,  Z.R.  Wasilewski,  Jianmeng  Li, 

M.  Buchanan,  and  J.G.  Simmons,  Appl  Phys.  Lett.  64,  475  (1994). 

6.  A.  Fiore,  E.  Rosencher,  P.  Bois,  J.  Nagle,  and  N.  Laurent,  Appl  Phys.  Lett.  64, 

478  (1994). 

7.  H.C.  Liu,  Z.R.  Wasilewski,  M.  Buchanan,  and  H.  Chu,  Appl  Phys.  Lett.  63,  761 

(1993). 

8.  G.  Hasnain,  B.F.  Levine,  D.L  Sivco,  and  A.Y.  Cho,  Appl  Phys.  Lett.  56,  770 

(1990). 

9.  B.  Xing,  H.C.  Liu,  P.H.  Wilson,  M.  Buchanan,  Z.R.  Wasilewski,  and  J.G. 

Simmons,  J.Appl  Phys,^  to  be  published  in  Aug.  1,  1994  issue. 


Inst.  Phys.  Conf.  Ser.  No  141:  Chapter  5 

Paper  presented  at  Int.  Symp.  Compound  Semicond.,  San  Diego,  18-22  September  1994 
©  1995  lOP  Publishing  Ltd 


613 


Planar,  low  loss  InGaAsP/InP  Photoelastic  waveguide  devices 


X.  S.  Jiang,  Q.  Z.  Liu,  L.  S.  Yu,  B.  Zhu,  Z.  F.  Guan,  S.  A.  Pappert,  P.  K.  L. 

Yu,  and  S.  S.  Lau 

Dept,  of  Electrical  and  Computer  Engineering,  University  of  California,  San  Diego 
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Abstract.  Two  simple  schemes  are  used  to  fabricate  low  loss  planar  photoelastic  InP-based 
waveguides.  The  first  scheme  is  to  use  metal  semiconductor  reactions  between  Ni  and  InP  or 
InGaAs  to  form  a  stressor.  The  second  scheme  is  to  use  rf  sputtered  refractory  metal  where  W  is 
sputtered  onto  a  negative  dc  biased  substrate.  Stable,  low  loss  planar  photoelastic  Ni/InP  and 
W/InP-based  waveguides  have  been  obtained.  An  efficient  planar  photoelastic  Franz-Keldysh 
electroabsorption  waveguide  modulator  has  been  demonstrated  for  the  first  time  with  the  WNi 
stressor.  A  little  amount  of  Ni  (5%)  co-sputtered  with  W  effectively  enhances  the  stress  in  the 
WNi  stressor  and  its  thermal  stability.  WNi  serves  very  well  both  as  a  stressor  and  as  an  electrode. 
Planar  photoelastic  quantum-confined-stark-effect  (QCSE)  waveguide  modulator  has  been 
demonstrated.  Optical  beam  splitters  and  couplers  have  also  been  achieved  using  this  photoelastic 
effect. 


1.  Introduction 

The  study  of  photoelastic  effect  for  planar  waveguides  in  III-V  compound  semiconductors  with 
a  surface  stressor  dates  back  to  mid  1970'sfl’  This  technique  has  not  been  explored 
extensively  as  compared  to  other  waveguide  fabrication  techniques  because  of  the  lack  of  good 
control  of  the  stress  and  inferior  thermal  stability  in  the  stressor  layers  reported  in  earlier  work. 
Recently  we  have  developed  two  schemes  to  introduce  controlled  stable  strains  into 
GaAs/AlGaAs  heterostructuresf^]  fjj-gt  scheme  which  uses  metal-semiconductor 

interfacial  reaction,  photoelastic  waveguides  are  formed  underneath  a  stripe  window  (a  few  pm 
wide)  in  an  otherwise  continuous  Ni  film  in  tension;  in  the  second  scheme  which  uses  rf 
sputtered  refractory  metal  film  with  dc  bias  at  the  substrate,  photoelastic  waveguides  are 
formed  underneath  a  stripe  (a  few  pm  wide)  of  W  film  under  compression.  Figs.  1  (a)  and  (b) 
schematically  depicts  these  two  schemes.  In  both  schemes,  a  stress  field  exists  in  the 
semiconductor,  which  locally  changes  the  refractive  index  and  can  provide  desirable  lateral 
optical  confinement  for  waveguiding.  For  optical  fiber  communication  application  emphasizing 
the  1.3  and  1.5  pm  wavelengths,  waveguide  devices  based  on  InP/InGaAsP  materials  are  of 
interest.  In  this  study,  InP-based  planar  photoelastic  waveguides  with  both  Ni  and  W  stressors 
are  fabricated.  Thermal  stability  and  optical  losses  of  these  waveguides  have  been  studied. 
Planar  photoelastic  electroabsorption  waveguide  modulators  based  on  either  Franz-Keldysh 
effect  or  the  quantum  confined  Stark  effect  (QCSE)  have  been  fabricated.  Photoelastic  optical 
splitters  and  couplers  have  also  been  demonstrated. 
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Figure  1.  Schematics  of  the  two  schemes  of  photoelastic  waveguides.  Darkened  elliptical  spots 
represent  the  waveguide  region  under  the  stripe 


2.  Experimental 

Material  structures  A  and  B  for  waveguides  are  schematically  shown  in  Figures  2(a)  and  (b); 
while  material  structures  for  FKE  modulators  and  QCSE  modulators  are  shown  in  Figures  3(a) 
and  (b)  respectively.  The  samples  are  grown  by  low  pressure  OMVPE  on  n-InP  substrate 
All  epilayers  of  waveguide  samples  are  undoped.  After  samples  are  cleaned  chemically,  they 
are  etched  in  HF:H20  for  30  seconds  to  remove  the  native  oxide  before  loading  into  an  e-beam 
evaporator  or  a  sputtering  chamber. 

As  mentioned  earlier,  two  schemes  are  used  to  fabricate  the  waveguides.  In  the  first 
scheme,  a  photoresist  lift-off  technique  is  employed  to  form  a  5  pm  stripe  window  in  an 
otherwise  continuous  Ni  film.  About  1000  A  Ni  film  is  evaporated  in  a  conventional  e-beam 
system.  In  the  second  scheme,  the  photoresist  lift-off  technique  is  employed  to  form  a  5  pm 
stripe  of  W  film.  About  950A  W  film  is  rf  sputtered  onto  the  sample  with  a  -220  V  bias  on  the 
substrate.  The  background  Ar  pressure  is  25  mTorr.  After  lift-off,  the  samples  are  lapped 
down  and  cleaved  into  bars  for  waveguide  measurements.  The  cut-back  method  is  used  to 
measure  the  optical  loss  at  1 .52  pm  wavelength.  Some  samples  are  annealed  in  forming  gas 
(85%  N2,  15%  H2)  under  various  combinations  of  temperature  and  time  to  investigate  the 
thermal  stability  of  the  stress  induced  in  the  structures. 


InGaAs(0.03  |xm)  — ^ 


InP(l.l  pm) 

InP  (1.1  pm) 

InGaAsP  (0.5  pm) 

InGaAsP  (0.5  pm) 

InP  (0.5  pm) 

InP  (0.5  pm) 

n-InP,  sub 

n-InP,  sub 

(a)  (b) 

Figure  2.  (a)  Material  structure  A  and  (b)  material  structure  B  for  waveguides 
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n-InP,  sub 

(a)  (b) 


Figure  3.  Schematic  material  structure  of  (a)  FKE  waveguide  modaulator  and  (b)  QCSE  waveguide  modulator 

For  FKE  and  QCSE  waveguide  modulators,  the  photoresist  lift-off  technique  is 
employed  to  form  a  5  p.m  stripe  pattern  with  electrode  pads.  A  little  amount  of  Ni  (~5%)  is  rf 
co-sputtered  with  W  with  -220V  bias  on  the  substrate  at  a  background  Ar  pressure  of  20 
mTorr.  This  little  amount  of  Ni  has  been  shown  to  be  effective  in  enhancing  the  stress  in  the 
WNi  stressor  and  its  thermal  stability[4].  Sputtered  WNi  film  is  about  -lOOOA.  The  samples 
are  then  loaded  into  an  e-beam  evaporator  chamber.  The  ion  implantation  mask  consists  of 
about  58  A  Hf  followed  by  4520A  Au.  Hf  is  to  enhance  the  sticking  of  the  Au  layer  to  the  WNi 
stressor.  After  lift-off,  200  kev  implantation  is  performed  at  510®C  with  a  dose  of  5x10^^ 
cm"2  to  provide  electric  isolation  between  devices.  WNi  stressor  also  becomes  an  ohmic 
contact  to  the  p+  layer  of  the  samples  during  this  high  temperature  implantation.  Thereafter,  the 
sample  is  lapped  down  and  loaded  into  an  e-beam  evaporator.  About  1000 A  AuGe  is 
evaporated  onto  the  back  side  of  the  sample.  After  samples  are  annealed  at  380^0  for  3  min. 
using  RTA  to  form  the  backside  ohmic  contactC^l,  they  are  cleaved  into  short  bars  for  optical 
transmission  versus  bias  voltage  measurement. 


3.  Results  and  discussion 

5.7.  InP-based  Planar  low  loss  waveguide 

Results  of  optical  loss  measurement  and  thermal  stability  study  of  photoelastic  waveguides  are 
summarized  in  Table  1.  As  shown  in  the  table,  Ni  and  W  photoelastic  planar  waveguides  have 
low  propagation  losses.  Although  they  behave  differently  from  GaAs  based  Ni  and  W 
photoelastic  waveguides  in  term  of  thermal  stability,  they  have  good  thermal  stability  except  for 
the  Ni/Structure  B  ones.  We  are  especially  interested  in  the  success  of  the  scheme  of  sputtered 
W  stripe  because  the  resulting  waveguide  structure  can  easily  be  extended  for  waveguide 
modulator  with  W  stripe  as  an  electrode. 

5.2.  Planar,  photoelastic  waveguide  modulator 

A  typical  optical  transmission  vs.  bias  voltage  of  a  830  |am  long  photoelastic  FKE  waveguide 
modulator  is  shown  in  Figure  4.  The  optical  source  is  a  1 .31  p.m  Nd:YAG  laser.  About  10  dB 
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Table  1 


Table  1.  Summary  of  the  result  of  photoelastic  waveguides.  The  samples  are  annealed  for  30  minutes  at  various 
temperatures.  The  values  in  dB/cm  denote  propagation  loss,  while  the  values  in  parenthesis  denote  lateral  mode 
size,  the  dashed  line  means  that  the  waveguides  are  not  evaluated  at  that  temperature. 

extinction  is  achieved  at  a  bias  voltage  of  3V.  As  far  as  we  know,  this  is  the  first  planar  FKE 
photoelastic  waveguide  modulator  with  such  a  low  driving  voltage.  The  fiber-coupled  insertion 
loss  is  -12dB  for  the  TE  mode  and  is  -13  dB  for  the  TM  mode.  It  should  be  noted  that  during 
the  implantation,  the  WNi  stressor  experiences  a  high  temperature  SIO^C  annealing  for  about 
20  min.;  it  experiences  further  annealing  at  380®C  during  the  formation  of  the  backside  AuGe 
ohmic  contact.  The  lateral  light  confinement  of  the  modulator  is  still  very  good  after  all  these 
high  temperature  processing  steps.  This  indicates  excellent  thermal  stability  of  the  WNi 
stressor. 

Optical  transmission  vs.  bias  voltage  of  QCSE  photoelastic  waveguide  modulator  is 
obtained  using  a  1.301  |i.m  laser  diode.  For  a  1 100  |im  long  device,  10  dB  extinction  ratio  is 
obtained  at  about  16  V.  Further  optimization  is  underway. 


Bias  Voltage  (V) 

Figure  4.  Optical  transmission  vs.  Bias  voltage  of  planar  FKE  waveguide  modulator 
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(a) 


(b) 


Figure  5.  Schematic  diagrams  of  (a)  Y-junction  splitter,  and  (b)  directional  coupler  using  Ni-window-stripe 
waveguides.  The  arrows  point  to  the  input  facets.  The  displays  beneath  the  diagrams  are  the  respective  optical 
output  image. 


3,3.  Beam  splitters  and  couplers 

Preliminary  planar  photoelastic  optical  beam  splitter  and  a  coupler  are  fabricated  with 
unannealed  Ni-stripe  InP/InGaAsP/InP  waveguide.  A  typical  near  field  of  the  optical  output 
from  the  beam  splitter  as  well  as  the  coupler  and  the  schematics  of  the  metallization  are  shown 
in  Figures  5(a)  and  (b)  respectively.  The  width  of  the  stripe  opening  is  2.5  p.m.  The  angle  of 
the  Y  junction  splitter  is  2°. 


4.  Summary 

Planar,  low  loss  InP-based  photoelastic  waveguides  have  been  fabricated  with  two  schemes 
developed  for  GaAs-based  material  systems.  Although  the  post-annealing  properties  of  the 
InP-based  Ni  photoelastic  waveguides  are  different  from  those  of  GaAs-based  Ni  photoelastic 
waveguides  due  to  different  metal-semiconductor  interfacial  reactions,  the  Ni/InP/InGaAsP/InP 
waveguides  have  good  thermal  stability  and  low  propagation  losses.  InP-based  W  waveguides 
have  low  losses  and  similar  good  thermal  stability  to  that  of  GaAs-based  W  waveguides.  An 
efficient  (10  dB  extinction  at  3V  for  a  830  jim  long  modulator)  planar  FKE  waveguide 
modulator  at  1.3  jxm  has  been  demonstrated.  Co-sputtered  WNi  film  has  been  found  to  be  ideal 
in  serving  both  as  an  effective  stressor  with  good  thermal  stability  and  as  an  electrode.  A  QCSE 
planar  photoelastic  waveguide  modulator  has  been  demonstrated  for  the  first  time.  Planar 
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photoelastic  optical  beam  splitter  and  coupler  have  also  been  demonstrated  in  this  material 
system. 
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Abstract:  A  new  planar  and  self-aligned  GaAlAs/GaAs  HBT  technolo^  based  on  a  two  selective 
Chemical  Beam  Epita>y  regrowth  process  is  described.  A  C-doped  (>  10^*^  cm"^)  GaAs  is  selectively 
regrown  on  the  extrinsic  base  layer  providing  both  self-alignment  and  base  resistance  reduction.  A 
Si-doped  (>  10 cm"^)  GaAs/GalnAs  bilayer  is  selectively  regrown  on  the  sub-collector  layer.  The 
final  device  is  nlanar.  Tungsten  is  used  for  both  the  base  and  collector  ohmic  contacts  with  a  low 
resistivity  (lO^^Qom^).  HBTs  exhibit  40  GHz  Ft  and  30  GHz  Fmax.  The  base  regrowth  process  has 
been  applied  to  the  fabrication  of  multiplexers  2:1  and  laser  drivers,  operating  at  10  Gb/s. 

1.  Introduction 

Self-alignment  and  device  size  reduction  are  the  two  main  factors  leading  to  very  high 
values  of  Ft  and  Fmax.  Much  attention  has  been  given  to  these  points  during  the  last  decade 
leading  to  impressive  performances  [1].  In  order  to  further  increase  HBTs  high  frequency 
performances,  a  selective  base  contact  regrowth  process  has  recently  been  proposed  [2].  This 
process  allows  the  fabrication  of  HBTs  with  thin  intrinsic  base  layer  for  low  base  transit  time  and 
thick  highly  doped  extrinsic  base  layer  to  reduce  the  base  resistance. 

Moreover,  a  planar  HBT  technology  is  also  required  to  increase  the  interconnection 
reliability  and  integration  scale,  which  can  be  obtained  through  selective  collector  contact 
deposition  [3].  To  obtained  HBTs  with  a  planar  structure  and  high  frequency  performances,  we 
have  developed  a  new  self-aligned  HBT  technology  with  two  Selective  Chemical  Beam  Epitaxy 
steps  for  the  extrinsic  base  and  collector  contacts  respectively.  A  highly  C-doped  GaAs  regrown 
layer  on  the  extrinsic  base  layer  insures  the  emitter-base  self-alignment,  allows  a  reduction  of  the 
base  access  resistance  and  brings  the  opportunity  to  use  tungsten  as  a  low  resistivity  base  ohmic 
contact.  A  Si-doped  GalnAs/GaAs  bilayer,  selectively  regrown  on  the  sub-collector  layer,  also 
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allows  the  use  of  tungsten  as  the  collector  ohmic  contact.  Emitter,  base  and  collector  ohmic 
contacts  are  on  top  of  the  device  providing  a  fiill  planarisation. 

This  paper  describes  this  planar  technology;  DC  and  microwave  performances  are  also 
discussed.  Finally  we  report  for  the  first  time  the  demonstration  of  digital  circuits  (laser  driver  and 
multiplexer)  achieved  with  the  selective  base  regrowth  process. 

2.  Planar  HBT  Technology 

The  HBT’s  basic  epitaxial  structure  is  grown  by  MOCVD  and  consists  in  Si-doped  GaAs 
sub-collector  (  2  cm'^,  500  nm)  and  collector  (2  lOl^  cm"^,  450  nm)  layers,  a  C-doped  (  3 

10l9  cm-3,  80  nm)  base  layer,  a  Si-doped  (5  lO^^  cm-3,  250  nm)  GaAlAs  emitter  layer,  and 
finally  a  Si-doped  GaAs  (2  lOl^  cm“3>  150  nm)  emitter  contact  layer. 

The  selective  CBE  extrinsic  base  regrowth  proceeds  as  follows  (Figure  1  A).  First  a  thin 
Si3N4  film  (100  nm)  is  deposited  by  PECVD  on  the  wafer.  Then  the  emitter  mesa  is  patterned  b> 
contact  printing  followed  by  etching  of  the  Si3N4  mask  and  etching  of  the  emitter  contact  and 
emitter  layers  down  to  the  extrinsic  base  layer.  Finally  Si3N4  spacers  are  fabricated  on  the  mesa 
edges.  So  the  emitter  mesa  is  encapsulated  by  Si3N4  which  insures  an  electrical  isolation  between 
the  emitter  layers  and  the  base  regrown  layer  (spacers)  and  acts  as  a  mask  for  the  selective  growth 
process. 

Prior  to  the  selective  regrowth  process  a 
specific  surface  preparation  is  made  to  insure  the 
electrical  conductivity  between  the  base  layer  and 
the  regrown  layer.  This  preparation  consists  in  a  wet 
chemical  etching  of  the  base  layer  (10  nm)  followed 
by  a  UV  assisted  ozone  treatment  which  eliminates 
all  surface  contaminants  and  forms  an  oxide 
protecting  the  surface.  This  oxide  is  eliminated  in  the 
CBE  system  just  before  the  regrowth  process 
itself  Trimethylgalliurn  and  arsine  are  used  to  grow 
the  heavily  C-doped  (>10^^  cm"^)  GaAs  layer  on 
the  extrinsic  base  layer  of  the  device.  The  growth 
selectivity  is  achieved  for  a  growth  temperature  of 
530  °C. 

The  selective  CBE  sub-collector  regrowth 
is  then  achieved  in  a  similar  way  (Figure  1  B).  This 
regrown  layer  consists  in  a  Si-doped  (5  10^^  cm-^) 

GaAs  first  layer  with  a  Si-doped  (  >  10^^  cm"^) 

GalnAs  thin  layer  on  top. 


Figure  1:  Planar  HBT  cross-section 
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Triethylgallium  and  arsine  are  used  to  grow  the  GaAs  layer,  trimethyl  indium  is  additionally  used 
to  grow  the  GalnAs  layer,  solid  Si  is  used  as  the  dopant  source.  The  growth  selectivity  is  achieved 
for  a  growth  temperature  of  550  °C. 

Deep  boron  and  hydrogen  implantation  (2  pm)  provides  the  device  isolation.  Tungsten  is 
deposited  for  both  the  base  and  collector  ohmic  contacts,  AuGeNi/Ag/Au  is  used  for  the  emitter 
ohmic  contact.  When  the  process  is  completed  the  final  device  is  planar,  with  all  the  ohmic  contact 
on  top  of  the  device  (Figure  1C). 

3.  Results  and  discussion 

3.  L  DC  electrical  characterisation 

In  this  section  a  comparison  will  be  made  between  four  HBT  processes  with  the  same 
basic  epitaxial  structure:  A  standard  double  mesa  one  without  epitaxial  regrowth  (Technology  A), 
a  second  one  with  only  the  base  contact  regrowth  (Technology  B),  a  third  one  with  only  the 
collector  contact  regrowth  (Technology  C),  and  finally  the  one  with  both  base  and  collector 
contacts  regrowth  (Technology  D). 

With  the  standard  technology  A,  the  specific  contact  resistances  extracted  from  TLM 
measurements  are  about  10“^  f2cm"^  for  the  three  emitter,  base  (Mn/Au)  and  collector 
(AuGeNi/Ag/Au)  contacts.  With  the  N+  and  P+  regrowth  processes  the  base  (W)  and  collector 
(W)  specific  contact  resistances  are  improved  to  a  value  of  10’^ 

As  we  have  mentioned  elsewhere  [4]  the  thermal  treatment  associated  with  the  epitaxial 
regrowth  induces  a  DC  current  gain  degradation  which  is  related  to  a  decrease  of  the  minority 
carrier  lifetime  in  the  base.  We  have  plotted  on  figure  2  this  DC  current  gain  degradation  (1- 
Hfe/Hfeo)  as  a  function  of  the  emitter-base  junction  area  for  the  different  technologies.  Hfe  stands 
for  the  DC  current  gain  measured  for  a  current  density  Jc  of  10^  Acm"^,  for  the  technologies  with 
epitaxial  regrowth  (B,  C,  D),  while  Hfeo  is  the  current  gain  without  epitaxial  regrowth  (A). 

As  expected,  the  current  gain  degradation  is  more 
important  when  the  regrowth  temperature  is 
increased.  This  degradation  never  exceeds  35  %  for 
the  P+  regrowth  process  which  is  achieved  at  530 
°C,  and  is  lower  than  50  %  for  the  N+  regrowth 
process  achieved  at  550  °C. 

The  degradation  is  more  severe,  between  50  %  and 
80  %,  when  both  base  and  collector  regrowth 
processes  are  involved  where  two  thermal 
treatments  are  cumulated. 

This  current  gain  degradation  also 
increases  when  the  emitter-base  junction  area  is 
increased. 


Figure  2:  DC  Current  Gain  Reduction 
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This  can  be  particularly  seen  when  the  degradation  ratio  is  high  (Technology  C,  D),  and 
can  be  correlated  with  the  recombination  current  in  the  bulk  of  the  base  layer  induced  by 
recombination  centers  generated  during  the  regrowth  process  [5].  Nevertheless  DC  current  gain  of 
30  are  obtained  for  the  larger  HBTs  (2x20  pm^  and  12x20  pm^  for  E-B  and  C-B  junction  area 
respectively)  with  the  two  regrowth  processes.  Further  improvement  to  reduce  the  thermal  budget, 
in  particular  the  cleaning  treatment  (650  °C)  used  to  eliminate  the  oxide  prior  to  the  regrowth 
process,  is  now  under  development.  All  the  other  characteristics  are  the  same  for  all  technologies. 
The  emitter-base  and  collector-base  reverse  currents  are  around  10"^  Acm"^,  the  emitter-base  and 
collector-base  ideality  factors  are  1.9  and  1.4  respectively. 

On  figure  3  we  have  reported  the  Gummel  plot  of  an  HBT  with  an  emitter-base  junction 
area  of  40  pm^  processed  with  both  base  and  collector  contacts  regrowth.  The  maximum  DC 
current  gain  is  about  30.  The  corresponding  Ic  (Vce)  curves  are  reported  on  figure  4. 


Figure  3:  Gummel  Plot  (technology  D)  Figure  4:  Ic(Vce)  curves  (technology  D) 


3.2.  Microwave  characterisation 

S-parameters  were  measured  on  wafer  over  the  frequency  range  of  1  to  40  GHz  using 
Cascade  microwave  probes  and  a  Wiltron  360  network  analyser.  For  each  technology,  we  have 
reported  on  table  1  the  microwave  performances  for  the  same  HBT  design  which  are  still  limited 
by  a  large  collector-base  junction  area  (12  x  20  pm^).  The  cut-off  frequencies  are  about  the  same 
value,  except  in  the  N+  regrowth  process  case  where  a  high  emitter  resistance  induces  a  decrease 
of  Ft.  As  it  can  be  noticed  the  base  regrown  process  (technology  B  and  D)  induces  a  drastic  base 
resistance  decrease,  and  as  a  consequence  the  maximum  oscillation  frequency  is  increased.  The 
base  resistance  decrease  is  obtained  only  when  the  base  layer  is  partially  etched  off  (10  nm)  before 
the  regrowth  process.  Otherwise  no  improvement  in  Rb  and  Fmax  is  observed.  In  this  case,  with 
the  same  Ft  value  (44  GHz),  Rb  is  49  O  and  Fmax  25  GHz  which  are  about  the  same  values  than 
with  a  standard  technology. 
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Technology 

Re 

Rb 

Ft 

Fmax 

Standard  (A) 

9 

55 

42 

21 

P+  Regrowth  (B) 

11 

11 

38 

29 

N+  Regrowth  (C) 

24 

64 

30 

15 

N+  et  P+  Regrowth  (D) 

10 

18 

44 

31 

Table  1:  HBT  microwave  performances  (E-B  junction  area:  60 


pm2,  Vce=2V,  Jc=50  000  Acm’^) 


5.5.  Digital  circuits  results 

Digital  circuits  have  been  fabricated  for  the  first  time  with  the  base  regrown  process.  A 
laser  driver,  including  an  input  buffer  for  impedance  matching  and  a  transimpedance  wide  band 
amplifier  for  input  signal  regeneration,  operates  at  10  Gb/s  (see  output  eye  diagram  on  figure  5), 
and  multiplexers  2: 1  which  operate  at  9  Gb/s.  A  high  fabrication  yield  (90%)  has  been  achieved  for 
all  these  circuits,  which  demonstrates  the  potentiality  of  this  new  technology. 


Figure  5;  Laser  Driver  eye  diagram  (10  Gb/s) 


4.  Conclusion 

In  summary,  we  have  reported  the  first  successful  demonstration  of  digital  circuits,  a  laser 
driver  and  a  multiplexer  2:1  which  operate  at  10  Gb/s,  fabricated  with  a  planar  self-aligned 
GaAlAs/GaAs  HBT  technology  based  on  selective  CBE  regrowth  of  the  extrinsic  base  and  sub¬ 
collector  layers. 
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HBT's  DC  and  microwave  performances  achieved  with  this  new  technology  have  been 
discussed.  The  results  were  compared  to  those  obtained  with  a  standard  technology:  an 
improvement  in  Fmax  with  the  reduction  of  the  base  resistance  obtained  through  the  P+  regrowth 
process  was  shown.  HBTs  with  an  emitter-base  junction  area  of  60  ]xnfi  exhibit  Ft  and  Fmax  of  44 
GHz  and  31  GHz  respectively.  These  early  results  are  very  promising  and  demonstrate  the 
potential  of  this  planar  technology.  Improvement  in  the  epitaxial  process  to  reduce  the  current  gain 
degradation  and  a  new  HBT  design  to  reduce  the  base-collector  junction  area,  are  now  underway 
to  fabricate  digital  circuits  and  HBT  with  higher  performances. 
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ABSTRACT  ;  The  intrinsic  low  frequency  noise  characteristics  of  AlGaAs/GaAs  and 
GalnP /GaAs  HBTs  have  been  studied.  HBTs  with  large  emitter  size  of  120  x  have 

been  fabricated  on  MOCVD-grown  abrupt  junction  emitter  materials  without  undoped 
spacer  layer.  The  leakage  current  of  GaInP/GaAs  HBTs  is  a  little  lower  than  that  of 
AlGaAs/GaAs  HBTs.  However,  AlGaAs/  GaAs  HBTs  have  10  ~  25  dB  lower  noise  level 
than  GaInP/GaAs  HBTs.  For  GaInP/GaAs  HBTs,  the  base  current  noise  power  spectral 
densities  are  proportional  to  ^exp(  )  at  a  low  current  level(Ic  <  1mA)  and  saturate  at 
a  high  current  level.  This  is  due  to  the  gain-creeping  effect  of  HBT  originating  from  the 
persistent  band  discontinuity.  Thus,  the  dominant  noise  generation  process  occurs  at  the 
base  side  of  hetero-interface,  which  is  very  noisy.  But  AlGaAs/GaAs  HBT  noise  source  is 
the  recombination  at  the  base  region. 


1.  Introduction 

HBTs  have  excellent  microwave  performances  such  as  high  power,  high  gain,  high  cut-off 
frequency  and  high  linearity.  These  features  are  very  desirable  for  many  applications 
at  rf  and  microwave  bands.  The  low  frequency(LF)  noise  of  HBT  is  also  reported  to 
be  very  low[l],  but  relatively  little  study  has  been  made.  Recent  experimental  works 
showed  that  the  fluctuation  of  surface  recombination  velocity  at  the  extrinsic  base  of 
HBTs  is  the  dominant  1/f  noise  source  of  small  size  HBTs.  However,  there  have  been 
large  deviations  (10  ~  20  dB  )  in  1/f  noise  data  among  the  surface-passivated  HBTs[l,  2]. 
More  recently,  W.J.Ho  et.al  reported  that  small  feature  size  GaInP/GaAs  HBTs  have 
20-30  dB  lower  LF  noise  than  the  comparable  AlGaAs/GaAs  HBTs[3].  However,  the 
extrinsic  base  surface  passivations  of  the  HBTs  may  be  different  and  this  may  be  related 
to  the  improper  conclusion.  GaInP/GaAs  HBTs  are  expected  to  have  lower  emitter 
base(E-B)  space  charge  region(SCR)  recombination  1/f  noise  or  burst  noise,  because 
it  does  not  have  any  DX  centers.  But  the  recombination  noise  is  a  minor  one  among 
the  LF  noise  sources.  Domain  Costa  and  James  S.  Harris’s  experiments  showed  that 
AlGaAs/GaAs  HBTs  with  reduced  A1  mole  fraction  have  a  lower  burst  noise  by  4-5 
dB  but  with  a  similar  overall  LF  noise  characteristics[2].  This  data  suggest  that  a 
detailed  study  is  necessary  to  evaluate  the  intrinsic  noise  properties  of  AlGaAs/GaAs 
and  GaInP/GaAs  HBTs  without  having  side  effects  such  as  surface  recombination. 


2,  Device  Structure 


We  have  investigated  the  intrinsic  LF  noise  properties  of  HBTs  using  large  size  emitter 
devices(120  x  120 In  order  to  reduce  the  LF  noise,  we  chose  a  low  leakage  current 
structure,  that  is  abrupt  E-B  junction  without  undoped  spacer  layer.  This  spacer  layer 
enhances  a  recombination  current [4],  and  the  abrupt  E-B  heteroj unction  launcher  injects 
electrons  into  the  base  with  a  high  kinetic  energy  and  the  electrons  transverse  the  inter¬ 
face  region  with  high  trap  density  very  fast,  resulting  in  reduced  recombination.  Both 
materials  were  grown  by  MOCVD.  The  emitter  layer(Alo.3Gao.7As  or  Gao.sIno.sP)  is 
doped  to  2  x  lO^^cm"^.  The  GaAs  base  is  700  A  thick  and  is  carbon  doped  to  3  x  lO^^cm"^. 
Detailed  HBT  layer  structures  are  shown  in  Table  1.  Using  the  materials,  we  have  fab¬ 
ricated  two  identical  MESA  type  HBTs  and  have  characterized.  Fig.l  (a)  and  (b)  show 
the  measured  Gummel  plots  of  AlGaAs/GaAs  and  GaInP/GaAs  HBTs,  respectively. 
The  base  current  ideality  factors  indicate  that  AlGaAs/GaAs  HBT  has  more  SCR  re¬ 
combination  component  than  GaInP/GaAs  HBT.  Current  gain  of  AlGaAs/GaAs  HBT 
is  typically  60  and  that  of  GaInP/GaAs  HBT  is  55.  For  both  HBTs,  emitter  resistance 
(re)  and  base  series  resistance  (r^)  are  3  ~  5  H  and  100  ~  200  D,  respectively.  The 
current  level  at  unity  current  gain  of  GaInP/GaAs  HBTs  is  less  than  100  pA,  while  that 
of  AlGaAs/GaAs  HBTs,  less  than  1  nA. 


3.  Low  Frequency  Noise 

The  LF  base  voltage  noise  (Svb)  and  total  device  voltage  noise  at  collector(Svc)  were 
measured  from  1  Hz  to  25  kHz  using  a  low  noise  amplifier  and  a  spectrum  analyzer.  The 
HBTs  are  in  common  emitter  mode.  The  collector  current  noise  spectra(5'vc/^c) 
base  current  noise  spectra(5vfc/rj)  are  deduced  from  the  data  at  the  collector  current  of 
11  mA  and  are  depicted  in  Fig,2.  Here,  Rc  is  a  collector  bias  resistance  and  is  an  effec¬ 
tive  base  input  resistance;  i.e,  /?  x  re,  P  and  are  differential  current  gain  and 

base  input  resistance  of  intrinsic  transistor,  respectively.  The  spectra  exhibit  two  distinc¬ 
tive  regions,  i.e,  a  white  noise  above  1  kHz  (  shot  noise  and  thermal  noise  from  the  large 
base  bias  resistor  )  and  a  colored  1/f  noise  below  1  kHz.  Over  all  the  current  range  we 
measured,  AlGaAs/GaAs  HBTs  have  10  ~  25  dB  lower  noise  than  GaInP/GaAs  HBTs. 


Table  1.  HBT  Layer  Structures 


1 

AlGaAs/GaAs  HBT 

1 _ 

GaInP/GaAs  HBT 

Layer 

Thickness  Doping 

(A)  (  cm-^  ) 

Composition 

Thickness  Doping 

(A)  (  cm“®  ) 

Composition 

Cap 

400 

10^ 

Ino.sGao  5 As 

400 

10'^ 

Ino.5Gao.5As 

Cap 

400 

10'^ 

InyGai_j,As 

(y  =  0-^0.5) 

400 

10'^ 

InyGai_j/As 

(y=0-0.5) 

Subemitterl 

1300 

4x10^® 

GaAs 

1500 

5x10^® 

GaAs 

Subemitter2 

500 

5x10^^ 

AlrGai_,;As 

(x=0.3->0) 

300 

10'® 

Gao. sing. 5P 

Emitter 

500 

2x10'^ 

Alo.3Gao.7As 

700 

to 

X 

0 

-4 

Gao.5Ino.5P 

Base 

700 

3x10^^ 

GaAs 

700 

3x10'® 

GaAs 

Collector 

11000 

2x10^® 

GaAs 

10000 

2x10'® 

GaAs 

Subcollector 

14000 

4x10^® 

GaAs 

10000 

5x10'® 

GaAs 
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(a)  AlGaAs/GaAs  HBT  (b)  GaInP/GaAs  HBT 

Fig.  1.  Measured  Gummel  Plots 

This  feature  can  be  qualitatively  explained  from  the  bias  dependences  of  LF  noises  at 
f— 10  Hz,  shown  in  Fig. 3.  For  AlGaAs/GaAs  HBTs,  SvcI^c  ~  ~  Vt  ^  ’ 

and  Svblrl  ~  ~exp(^)^•^^  indicating  that  the  donainant  1/f  noise  source  is  the 

recombination  at  the  baseband  partly  SCR  recombination.  For  GaInP/GaAs  HBTs, 
SvcIRl  exp(-^)^-^  over  all  the  measured  current  range  but  Svbirl  ~  h  ~ 

at  a  low  bias  current  below  1  mA  and  Svbl'f'l  saturates  above  1mA.  Since  the 
recomSination  current  in  the  band  bending  region  of  hetero-interface  is  proportional  to 
exp(^)  at  a  low  current  and  saturates  at  a  high  current  level,  we  ppstulate  that  the 
base  noise  in  GaInP/GaAs  HBT  originates  from  the  recombination  at  the  potential  well 
located  at  the  neutral  base  side.  The  increase  of  collector  current  noise  after  saturation 
of  base  current  noise  is  due  to  the  emitter-to-collector  current  controlled  by  the  collector 
potential.  This  anomalous  noise  phenomenon  is  related  to  the  gain  creeping  effects  of 
HBTs[5,  6). 


Fig.  2.  Low  Frequency  Noise  Spectra 
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Fig.  3.  Low  Frequency  Noise  Spectra. vs.  Collector  Currents 


4,  Summary 

In  summary,  our  experimental  results  show  that  the  intrinsic  LF  noise  of  AlGaAs/GaAs 
HBTs  is  lower  by  10  ~  25dB  than  that  of  GaInP/GaAs  HBTs.  The  intrinsic  noise 
of  GaInP/GaAs  HBT  stems  from  the  recombination  at  the  potential  well  in  the  base 
side  of  hetero-interface  and  this  recombination  process  is  very  noisy.  On  the  contrary, 
AlGaAs/GaAs  HBT  noise  source  is  the  recombination  at  the  neutral  base. 
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ABSTRACT.  In  this  work,  carrier  recombination  at  the  emitter-base  heterojunction  is  found 
to  be  tlie  dominant  mechanism  to  explain  the  distinctive  DC  characteristics  of  the  GaInP/GaAs 
and  AlGaAs/GaAs  heterojunction  bipolar  transistors.  An  optical  technique  based  on 
photoluminescence  spectroscopy  provides  a  non-destructive  measure  of  the  recombination 
strength  and,  thus,  the  carrier  injection  efficiency. 


1.  Introduction 

It  is  well  known  [1]  that  the  emitter-base  heterojunction  (E-B  HJ)  plays  an  essential  role  for 
heterojunction  bipolar  transistors  (HBTs).  However,  the  detailed  mechanisms,  through  which 
the  device  performance  is  influenced  by  the  E-B  HJ,  are  not  well  understood.  Effective 
characterization  techniques  that  can  be  applied  for  wafer  screening  prior  to  processing  are 
stiU  lacking.  In  this  work,  the  effect  of  interfacial  recombination  at  the  E-B  HJ  on  the  DC 
characteristics  is  studied  both  theoretically  and  experimentally.  It  is  found  that  the  DC  current 
gain  p  is  critically  affected  by  the  properties  of  the  E-B  HJ  interface  for  compositionally 
graded  AlGaAs/GaAs  HBTs,  whereas  the  dependence  is  less  for  abrupt  GaInP/GaAs  HBTs. 
A  photovoltaic  effect  obseiwed  in  photoluminescence  (PL)  spectroscopy  was  analyzed  and 
applied  to  explain  the  device  characteristics. 

2.  Experimental 

The  GaInP/GaAs  and  AlGaAs/GaAs  HBT  wafers  analyzed  in  this  work  were  grown  by  the 
MOVPE  process  with  the  C  doped  base  of  10^^- 10^°  cm"^.  Microwave  devices  fabricated 
from  the  AlGaAs/GaAs  wafers  exhibit  a  cut  off  frequency,  =52  GHz,  and  a  maximum 
frequency  of  oscillation, =  86  GHz  [2],  For  the  GalnP/GaiAs  wafers,  emitter  doping  as 
low  as  5x10^6  cm -3  was  used  to  reduce  the  junction  capacitance  while  maintaining  sufficient 
caiTier  injection  because  of  the  low  conduction  band  offset.  As  a  result,/,^  values  over  100 
GHz  were  achieved  [3].  Large  area  GaInP/GaAs  HBTs  with  reduced  emitter  doping  levels 
consistently  show  improved  DC  current  gain,  p,  as  compared  to  the  best  AlGaAs/GaAs 
stractures.  Optical  measurements  on  these  wafers  were  perfomied  using  a  standard  PL  setup 
[4]  in  the  temperature  range  of  10-300  K.  The  optical  excitation  power  was  varied  from 
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0.01-5  W/cm2.  The  n^-GaAs  contact  layer  was  chemically  removed  to  reveal  optical 
emissions  from  the  layers  underneath  it. 

3.  Results  and  Discussion 

To  understand  the  significant  improvements  in  GaInP/GaAs  structures,  device  characteristics 
were  calculated  using  a  modified  SEDAN  simulator  [5]  and  known  material  parameters.  The 
bandgap  naiTowing  effect  (BGNE)  in  the  heavily  doped  GaAs  base  was  included  in  the 
simulations  using  the  experimental  dependence  [4]:  AEg=2.4xlO  p  .  The  importance  of  the 
BGNE  can  be  seen  in  the  following  results:  for  an  AlGaAs/GaAs  HBT  with  base  doping  of 
10^^  cm  ^  the  expeiimental  p  is  20  while  the  simulated  p  with  and  without  the  BGNE  is  ~  20 
and  1.5,  respectively,  for  a  given  collector  current  (800  A/cm^).  The  conduction  band 
discontinuity  for  GaInP/GaAs  was  taken  to  be  A£’,/AE^=0.27.  A  compositionally  graded  E-B 
HJ  was  assumed  for  the  AlGaAs/GaAs  structure  while  an  abrupt  HJ  was  assumed  for  the 
GaInP/GaAs  structure,  as  shown  in  Fig.  la.  The  choice  of  interfacial  structure  was  mainly 
based  on  the  difference  in  conduction  band  discontinuity  in  the  two  material  systems  and 
other  expei-imental  considerations.  To  understand  the  role  of  traps  in  the  E-B  HJ  region,  a 
thin  layer  with  a  thickness  of  U  and  short  lifetimes  contiguous  to  the  base  region  was 
assumed.  The  lifetime  in  the  Shockley-Reed-Hail  (SRH)  recombination  process  is  related  to 
the  trap  density  and  trap  cross-section  o  by:  t  =  1/  .  The  calculated  P  as  a  function  of 

tj-  at  several  current  density  levels  is  shown  in  Fig.  lb.  It  is  seen  that  for  the  AlGaAs  structure 
P  is  reduced  drastically  as  ty  increases  up  to  about  50  A  but  becomes  near  constant  thereafter. 
The  interface  layer  is  likely  related  to  the  necessity  of  a  growth  interruption  step  between  the 
heavily  doped  base  and  the  AlGaAs  emitter,  during  which  oxygen  and  other  impurity  species 
are  adsorbed  on  the  surface  and  become  efficient  traps  when  A1  is  subsequently  introduced. 
The  sensitive  dependence  of  p  on  the  interface  quality  may  explain  the  difficulty  in  achieving 
current  gain  reproducibility  for  high  performance  AlGaAs/GaAs  HBTs. 


Fig.  1.  a)  Critical  part  of  the  structures  and  parameters  used  in  the  simulation,  b)  Rapid  reduction  of 
current  gain  p  in  AlGaAs/GaAs  HBTs  as  the  E-B  interface  layer  thickness  increases;  a  lifetime  of  80  ps 
is  assumed  for  botli  carriers  within  the  interface  layer  to  simulate  the  presence  of  a  high  density  of  traps. 
This  effect  is  much  reduced  for  abrupt  GaInP/GaAs  HBTs. 
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Our  expeiimental  data  from  GaInP/GaAs  HBTs  show  high  current  gain  even  at  very  low 
current  injection  levels,  which  is  consistent  with  most  of  the  pubhshed  results  on  similar 
structures.  This  behavior  is  generally  attributed  to  the  very  low  interface  recombination 
velocity  of  this  heterojunction.  The  calculation  displayed  in  Fig.  lb  shows  that  the  current 
gain  for  GaInP/GaAs  HBTs  is  much  less  sensitive  to  interfacial  recombination  than  their 
AlGaAs/GaAs  counterparts.  In  general,  an  abrupt  HJ  structure  has  intrinsically  lower 
mteifacial  recombination  than  a  graded  one,  which  is  explained  as  follows.  The  SRH 
recombination  is  proportional  to  the  intrinsic  carrier  density  nf  in  the  space  charge  region, 
which  occurs  mainly  on  the  emitter  side  and  is  pushed  towards  the  base  under  foi*ward  bias; 
compositional  grading  near  this  region  leads  to  a  larger  n/  and,  thus,  more  recombination.  In 
an  abrupt  structure,  on  the  contrary,  n/  is  smaU  over  the  entire  emitter  region.  In  practice,  an 
abrupt  AlGaAs/GaAs  junction  is  not  favorable  due  to  the  significant  reduction  of  the 
collector  current  associated  with  a  large  AEc  [6].  The  smaU  AEc  of  the  GaInP/GaAs 
heterojunction  results  in  much  of  the  advantages  of  this  system  for  HBT  applications. 


Laser  power  density  (W/cm^) 

Fig.  2.  a)  Photo  voltage  as  a  function  of  laser  power  for  four  AlGaAs/GaAs  and  GaInP/GaAs  HBTs;  for 
clarity,  results  for  only  one  GalnP  HBT  (A)  are  included.  For  the  high  quality  AlGaAs  HBTs  and  GalnP 
HBTs,  Heb  =  1.07-1.1;  for  the  two  AlGaAs  devices  with  high  recombination  currents,  =  1.86-1.94. 
b)  Optical  transitions  in  the  E-B  HJ. 

The  sensitive  dependence  of  current  gain  on  the  interface  quality  imposes  a  stringent 
requirement  on  a  non-destructive  technique  to  monitor  the  quality  of  the  E-B  HJ.  Our 
theoretical  analysis  shows  that  under  optical  Ulumination,  the  recombination  centers  at  the  E- 
B  junction  also  reduce  the  photovoltage  across  the  E-B  junction  in  a  similai'  form  to  the 
observed  reduction  of  carrier  injection  efficiency  by  a  forward  bias.  The  photovoltage  is 
measured  from  the  energy  shift  of  a  previously  observed  prominent  radiative  transition  peak 
below  the  band  edge  of  GaAs  layers  in  PL  spectroscopy  [7].  In  Fig.  2,  the  PL  peak  energy  of 
this  transition,  which  is  essentiaUy  the  photo  voltage  across  the  E-B  junction,  is  plotted  as  a 
function  of  laser  power.  For  AlGaAs/GaAs  HBTs,  the  photovoltage-laser  power  dependence 
resembles  the  V-I  cuiwe  of  a  diode.  The  quality  of  the  E-B  junction  is  assessed  from  the 
conventional  I-V  characteristics  of  the  diode,  where  a  near-unity  ideahty  factor  (Heb) 
indicates  low  recombination  and  tieb  ~  2  signals  the  presence  of  a  large  density  of 
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recombination  centers.  For  the  high  quality  AlGaAs/GaAs  and  GaInP/GaAs  HBTs  in  the 
figure,  riEB  =1.07-1.1;  whereas  for  the  two  AlGaAs  devices  with  high  recombination  currents, 
tieb  =1.86-1.94.  It  can  be  seen  from  the  figure  that  for  devices  with  a  high  density  of 
recombination  centers,  the  photovoltage  is  significantly  reduced.  This  dependence  can  be 
used  for  a  quantitative  measure  of  the  injection  efficiency  for  the  E-B  junction.  For 
GaInP/GaAs  HBTs,  all  the  devices  measured  in  this  work  show  large  photovoltages,  which  is 
associated  with  low  recombination  currents  in  these  devices.  The  photovoltage  saturation  of 
the  GaInP/GaAs  devices  is  in  contrast  with  the  variation  observed  for  the  AlGaAs/GaAs 
structure.  The  saturation  and  a  slight  reduction  of  the  photovoltage  result  from  the  finite 
conduction  band  discontinuity,  which  in  an  abrupt  HJ  provides  a  potential  barrier  for 
electrons  at  large  current  densities. 

4.  Summary 

Based  on  the  experimental  observation  and  numerical  simulation  of  high  performance 
GaInP/GaAs  and  AlGaAs/GaAs  HBT  structures,  we  conclude  that  the  DC  cun-ent  gain  of 
AlGaAs/GaAs  HBTs  is  highly  sensitive  to  the  presence  of  traps  at  the  graded  E,-B 
heterointerface;  in  contrast,  the  abrupt  junction  GaInP/GaAs  HBTs  are  quite  robust  regarding 
interface  quality  if  the  lattice  matching  condition  is  carefully  controlled.  By  companng  the 
analysis  of  the  electrical  characteristics  of  these  devices  and  the  PL  spectroscopy  study  on  the 
same  wafers,  we  demonstrated  that  the  photovoltage  determined  from  a  PL  spectrum  can  be 
used  as  a  sensitive  indicator  of  the  recombination  current  in  the  E-B  junction.  The  difference 
between  a  graded  and  an  abrupt  HJ  is  clearly  observed  in  the  PL  results. 
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Abstract.  A  method  of  evaluating  energy-transport  parameters  for  devices 
with  position-dependent  band  structure  is  proposed  and  successfully  applied  to 
the  energy  transport  simulation  of  graded  AlGaAs/GaAs  HBTs,  For  several  rep¬ 
resentative  A1  composition  x  and  doping  densities,  parameters  such  as  average 
electron  mobility,  energy  relaxation  time  and  upper  valley  fraction  are  evaluated 
(by  a  Monte  Carlo  method)  as  a  function  of  electron  energy.  For  the  other  x, 
these  are  determined  by  linear  extrap  oration.  The  problem  of  this  extraporation 
method  is  also  addressed.  Calculated  cutoff  frequency  characteristics  and  electron 
velocity  profiles  are  compared  with  those  by  using  more  simplified  approaches, 
demonstrating  the  importance  of  using  adequate  parameters. 


1.  Introduction 

AlGaAs/GaAs  heterojunction  bipolar  transistors  (HBTs)  have  received  great  interest 
for  applications  to  high-speed  and  high-frequency  devices.  Since  nonequilibrium  carrier 
transport  becomes  important  in  the  HBTs,  carrier  energy  must  be  considered  in  the 
modeling  of  them.  For  this  purpose,  an  energy  transport  model  that  uses  hydrodynamic 
equations  derived  from  the  Boltzmann  equation  is  attractive  and  has  been  applied  to 
AlGaAs/GaAs  HBTs  (Horio  and  Yanai  1987,  Horio  et  al.  1989,  Azoff  1989,  Tomizawa 
et  al.  1990,  Teeter  et  al.  1993)  as  well  as  GaAs  MESFETs  (Curtice  and  Yun  1981,  Cook 
and  Frey  1982  etc.)  and  Si  MOSFETs  (Fukuma  and  Uebbing  1984  etc.). 

In  the  HBTs,  material  parameters  should  depend  on  material  composition  as  well  as 
carrier  energy  and  doping  densities.  However,  up  to  now,  methods  of  giving  parameters 
in  the  transport  equations  were  too  rude.  In  earlier  works,  a  constant  value  of  energy 
relaxation  time  was  assumed  regardless  of  electron  energy.  In  another  work  (Azoff  1989), 
energy- dependence  of  transport  parameters  is  included,  but  parameters  for  GaAs  at  a 
given  doping  density  were  also  assumed  for  all  x  in  Ala;Gai_2:As. 

So,  we  have  tried  to  give  more  reasonable  transport  parameters  in  the  energy- 
transport  simulation  of  AlGaAs/GaAs  HBTs  (Horio  and  Nakatani  1994).  In  this  work, 
within  an  equivalent  one- valley  model  where  an  upper  and  a  lower  valley  are  considered, 
we  present  a  method  of  giving  Al  composition-,  doping-  and  energy-dependent  trans¬ 
port  parameters.  Some  device  characteristics  simulated  by  using  this  method  are  also 
described  briefly,  and  compared  with  those  by  the  more  simplified  approaches. 
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Figure  1:  Test  HBT  structure  analyzed  in  this  study. 


2.  Device  Structure  and  Basic  Equations 

We  consider  an  AlGaAs/GaAs  HBT  shown  in  Figure  1  where  A1  composition 

changes  from  0.3  to  0  in  the  emitter  and  base  regions.  So,  this  is  a  graded  band-gap 
base  HBT.  Of  course,  doping  densities  are  different  in  respective  regions.  So,  in  general, 
transport  parameters  should  be  given  as  functions  of  A1  composition,  doping  density  and 
carrier  energy. 

Next  we  briefly  describe  the  derivation  of  electron  transport  equations.  Assuming 
paravolic  energy  bands,  three  conservation  equations,  that  is,  a  particle  conservation 
equation,  a  momentum  conservation  equation  and  an  energy  conservation  equation  are 
obtained  by  taking  moments  of  the  Boltzmann  equation  (Blotekjaer  1970).  To  make 
these  equations  tractable  and  applicable  to  the  HBTs,  the  following  assumptions  are 
made  (Horio  et  al  1989).  Firstly,  we  adopt  a  relaxation  time  approximation  for  collision 
terms.  Secondly,  we  adopt  an  equivalent  one-valley  model.  If  we  assume  that  electron 
drift  energy  is  negligible  small  as  compared  to  its  thermal  energy,  average  electron  energy 
Wn  can  be  written  as 

Wn  =  -kTn  Fu^lu  (l) 

where  Tn  is  electron  temperature,  Fu  is  upper  valley  fraction  and  Alu  is  energy  differ¬ 
ence  between  upper  and  lower  valleys.  To  treat  HBTs,  some  factors  are  also  considered. 
Carrier  recombination  is  treated  by  SRH  statistics,  and  an  effective  field  acting  on  elec¬ 
trons  which  arises  due  to  the  position  dependence  of  band  structure  is  included.  In  the 
electron  transport  equations,  parameters  that  should  be  given  are  electron  mobility 
energy  relaxation  time  and  upper  valley  fraction  Fu- 

For  holes,  we  use  drift-diffusion  type  equations.  In  addition  to  the  transport  equa¬ 
tions,  we  include  the  Poisson’s  equation,  which  completes  the  basic  equations  for  device 
simulation. 


3.  Transport  Parameters 

Here  we  describe  methods  of  giving  transport  parameters  such  as  electron  mobility  fj,n^ 
energy  relaxation  time  and  upper  valley  fraction  Fu-  To  do  this,  usually,  a  homo¬ 
geneous  bulk  is  assumed  (Cook  1983).  Then,  the  following  two  equations  are  obtained 
from  the  previous  electron  transport  equations. 


635 


Vn  =  -UnE  (2) 

Wn  =  Wq-  qr^v^E  (3) 

where  E  is  electric  field,  is  average  electron  velocity  and  Wq  is  an  equilibrium  value  of 
Based  on  these  two  equations,  one  can  obtain  the  values  of  and  as  describe 
below. 

First,  we  describe  conventional  approaches  to  determine  the  transport  parameters. 
After  that,  we  present  an  approach  made  in  this  study.  A  simple  way  done  first  (Horio 
and  Yanai  1987)  is  to  assume  that  the  energy  relaxation  time  is  independent  of  electron 
energy  (and  A1  composition)  and  takes  a  constant  value  of  1  psec.  Further,  if  an  analytical 
expression  of  jiniE)  is  given,  the  relation  between  E  and  Wn  can  be  obtained  by  combining 
Eqs.(2)  and  (3).  Thus,  /i„  as  a  function  of  is  obtained.  As  to  upper  valley  fraction  Fu. 
it  is  given  analytically  by  assuming  maxwellian  distribution.  This  approach  is  simple, 
but  may  be  a  little  too  rude.  Another  approach  is  to  use  a  Monte  Carlo  method  for 
evaluating  energy-dependence  of  transport  parameters.  By  the  Monte  Carlo  method, 
Vn,  Wn  and  Fjj  are  obtained  as  a  function  of  electric  field  E.  So,  by  using  Eqs.(2)  and 
(3),  energy-dependent  and  Fu  are  obtained.  However,  in  a  published  work  (Azoff 

1989),  data  for  GaAs  at  a  given  doping  density  are  used  for  all  x  in  Ala;Gai_a;As  and  for 
all  doping  densities.  Therefore,  this  approach  also  seems  to  be  too  rude. 

So,  in  this  work,  we  have  tried  to  give  transport  parameters  as  functions  of  A1  com¬ 
position  electron  energy  Wn  and  doping  density  N.  To  do  this,  we  first  evaluate 
Tyj  and  Fu  for  x  =  0,  0.05,  0.1,  0.15,  0.2,  0.25  and  0.3  by  a  Monte  Carlo  method.  Doping 
densities  are  also  varied.  Once  these  parameters  are  available  as  fit  curves  or  tables  for 
a  given  doping  density,  parameters  for  any  x  between  0  and  0.3  can  be  obtained  (as  a 
function  of  u;,^)  by  a  linear  extraporation  method.  That  is,  if  x  lies  between  Xi  and  X2^ 
the  parameter  /  is  given  by  the  following  equation. 

f{w„)  =  /,  +  - — —(f2  -  h)  (4) 

X2  —  X-^ 

where  /i  and  /2  are  corresponding  values  of  /  for  x  =  Xi  and  3^2,  respectively. 

Next  we  show  some  examples  of  transport  parameters  estimated  by  a  Monte  Carlo 
method.  Figure  2  shows  electron  mobility  //„,  energy  relaxation  time  and  upper 
valley  fraction  Fu  as  a  parameter  of  A1  composition  x.  The  doping  density  is  2  x 
10^^  cm“^.  Here,  we  consider  X-valley  as  upper  valley  and  use  T-valley’s  parameters 
for  d^Lu  and  upper- valley  effective  mass.  We  also  treat  a  case  somewhat  considering  X- 
valley’s  contribution  artificially,  but  x  and  energy  dependences  of  estimated  parameters 
are  essentially  similar  to  those  shown  in  Figure  2.  As  seen  in  Figure  2(b),  depends 
on  electron  energy  and  decreases  as  x  increases.  So,  to  use  a  constant  regardless  of 
the  values  of  x  and  electron  energy  seems  to  be  an  inadequate  approach.  As  described 
before,  once  the  figures  like  Figure  2  are  obtained  for  a  given  doping  density,  the  transport 
parameters  for  any  x  at  any  electron  energy  are  obtained  by  the  linear  extraporation 
method.  Of  course,  when  the  doping  density  becomes  different,  another  figure  is  required. 
Furthermore,  the  parameters  must  be  evaluated  in  every  mesh  point.  However,  this 
approach  is  simple  in  itself  and  can  be  easily  applied  to  other  devices. 
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It  should  be  mentioned  that  there  is  one  point  to  be  taken  care  in  the  linear  extrapo- 
ration  method  when  we  determine  electron  energy  at  thermal  equilibrium:  for  every 

X.  Careless  determination  by  w^o  =  Wni-\-(x  —  Xi)(wn02  —  Wnoi)/{x2  —  Xi)  leads  to  a  great 
fluctuation  of  electron  temperature  T^o  at  zero  bias.  Instead,  by  combining  an  equation: 
Wno  ~  (3/2)fcT,^o  +  i^^7oAL^7  (cf.  Eq.(l))  and  a  relation  between  Wno  and  Fuo  (determined 
by  linear  extraporation:  cf.  Eq.(4)),  we  can  obtain  constant  Tno  throughout  the  device. 

4.  Calculated  Device  Characteristics 

Here  we  present  some  device  characteristics  calculated  by  the  present  model,  and  compare 
them  with  those  obtained  by  other  simplified  approaches. 

Figure  3  shows  cutoff  frequency  Jt  versus  collector  current  density  Ic  curves  of  the 
HBT  shown  in  Figure  1.  The  solid  line  is  calculated  by  the  present  model.  The  dotted- 
and-dashed  line  is  calculated  by  using  GaAs  parameters  for  all  x  in  AEGai_a;As,  where 
the  doping-density  dependence  of  transport  parameters  is  included.  The  dashed  line 
is  for  constant  method  described  before.  For  comparison,  a  case  by  drift- diffusion 
model  is  also  shown  by  the  dotted  line,  where  the  estimated  fx  is  much  lower  than 
those  by  considering  energy  transport  effects.  In  the  case  using  only  GaAs  parameters, 
Jt  is  estimated  rather  higher  than  that  by  the  present  model  where  Al-composition 
dependence  of  transport  parameters  is  considered.  On  the  other  hand,  in  the  case  by 
constant  method,  Jt  is  estimated  lower. 


Figure  3:  /t  versus  Ic  curves  calculated  by  en¬ 
ergy  transport  models  (a,  b,  c)  and  by  drift- 
diffusion  model  (d). 

a  :  Parameters  for  GaAs  (£=0) 
b  :  a?-dependent  and  Fu 

c  :  Constant  {=  1  psec) 


Figure  4;  Average  electron  velocity  versus  dis¬ 
tance  curves  calculated  by  energy  transport  mod¬ 
els  (a,  b,  c)  and  by  drift-diffusion  model  (d),  cor¬ 
responding  to  Figure  3.  1^-  =  5  x  10“^  A/cm^. 
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Figure  4  shows  comparison  of  electron  velocity  profiles  calculated  by  various  methods. 
Collector  current  density  is  5  x  10“^  A/cm^  In  cases  considering  energy  transport  effects, 
so-called  velocity  overshoot  is  observed  in  the  base  and  ^“-collector  regions.  It  is  clearly 
seen  that  in  the  case  using  GaAs  parameters  for  the  AlGaAs  base,  velocity  overshoot  in 
the  base  region  is  overestimated.  Therefore,  fx  is  estimated  rather  higher  as  described 
before.  On  the  other  hand,  in  the  case  by  constant  method,  the  velocity  overshoot 
is  underestimated  in  the  base  region,  resulting  in  the  lower  /t-  It  should  also  be  noted 
that  in  the  case  by  constant  Tyj  method,  the  velocity  profile  deviates  much  from  those 
obtained  by  using  Monte  Carlo  parameters.  So,  this  approach  may  be  inappropriate  for 
evaluating  device  performance. 

From  these  we  can  say  that  to  give  adequate  transport  parameters  is  important  for 
eatimating  the  device  characteristics  of  AlGaAs/GaAs  HBTs. 

5.  Conclusion 

We  have  developed  an  energy-transport  simulation  method  for  AlGaAs/GaAs  HBTs, 
which  uses  A1  composition-,  doping-,  and  energy-dependent  transport  parameters  es¬ 
timated  by  a  Monte  Carlo  method.  For  representative  A1  composition  x  and  doping 
densities,  parameters  such  as  average  electron  mobility,  energy  relaxation  time  and  up¬ 
per  valley  fraction  are  evaluated  as  a  function  of  electron  energy.  For  the  other  rr,  these 
are  determined  by  linear  extraporation.  Calculated  cutoff  frequency  characteristics  and 
electron  velocity  profiles  are  compared  with  those  by  using  more  simplified  approaches, 
demonstrating  the  importance  of  using  adequate  transport  parameters.  The  presented 
approach  can  also  be  applied  to  other  devices  which  have  position-dependent  band  struc¬ 
tures. 
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New  data  for  the  electron  impact-ionization  coefficient  in  GaAs  and 
Ino.53Gao.47As  are  derived  from  measurements  of  the  multiplication  coefficient  M-1 
in  Heterojunction  Bipolar  Transistors  (HBT).  We  show  that  the  intrinsic  limiting 
factors  of  the  M-l  measurement  at  low  electric  fields  are  the  Early  effect  and  the 
uncertainty  in  the  electric  field  value  in  the  collector  depletion  region.  By  adopting 
HBT’s  characterized  by  hghtly  doped  collectors  and  heavily  doped  base  regions  we 
were  able  to  extend  previously  available  data  on  the  impact-ionization  coefficient 
of  GaAs  and  Ino.53Gao.47 As  by  two  orders  of  magnitude,  down  to  an  =  1  cm~^. 
Our  data  on  Ino.53Gao.47As  also  confirm  the  theoretical  results  on  the  weak  field 
dependence  of  a^,  at  low  electric  fields. 


1.  Introduction 

Measurements  of  impact-ionization  multiplication  factor  M-I,  where  Mis  the  avalanche 
gain,  at  high  reverse  base- collector  biases  have  proven  to  be  a  useful  tool  in  the  charac¬ 
terization  of  the  breakdown  behavior  and  current  instabilities  occurring  at  high  electric 
fields  in  both  homojunction  and  hetero junction  bipolar  transistors  [1-6].  The  extension 
to  lower  electric  fields  of  the  M~1  measurement  may  provide  a  deeper  insight  into  the 
physics  of  the  impact-ionization  mechanism,  such  as  information  on  the  energy  thresholds 
and  changes  in  the  dependence  of  the  ionization  coefficients  on  the  electric  field  related 
to  the  density  of  states  of  the  semiconductor  [7,8].  The  existing  data  of  ionization  coef¬ 
ficients  in  semiconductors  are  generally  obtained  from  gain  measurements  in  avalanche 
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photodiodes  [8,9],  in  which  the  primary  photocurrent  is  generated  by  an  optical  beam 
incident  on  the  device.  The  major  disadvantage  of  this  experimental  configuration  is 
the  uncertainty  in  the  determination  of  the  primary  photo  current  initiating  impact  ion¬ 
ization  (base-line  for  the  avalanche  gain)  [8],  which  becomes  a  critical  source  of  error 
in  low  electric  field  conditions.  In  bipolar  transistors  instead,  the  avalanche  generated 
current  is  superimposed  on  the  base  current,  which  is  smaller  than  the  injected  current 
initiating  multiplication  by  a  factor  equal  to  the  current  gain  (3  of  the  transistor  [10,11]. 
As  a  result,  it  can  be  measured  more  accurately  than  the  collector  current,  permitting 
a  high  sensitivity  measurement  of  the  avalanche  gain  at  low  electric  fields.  Recently  the 
electron  ionization  coefficient  a.n  of  Ino.53Gao.47As  at  low  electric  fields  was  measured  us¬ 
ing  the  avalanche  induced  variation  of  the  collector  current  in  InP/InGaAs  HBT’s  [12]. 
Note  however  that  the  lowest  reported  values  of  were  ~  10^  cm 

In  this  work,  we  discuss  the  factors  limiting  the  M-i  measurement  at  low  electric 
fields  in  lightly-doped  collector  AlGaAs/GaAs  and  InP/InGaAs  HBT’s.  The  electron 
ionization  coefficient  a„  is  extracted  down  to  values  as  low  as  1  cm  ^  from  the  measured 
multiplication  factor.  Our  data  on  an  in  Ino.53Gao.47 As  also  extend  those  in  [12]  by  two 
orders  of  magnitude  in  the  low  tied  domain,  demonstrating  an  abrupt  reduction  of  the 
electric  field  dependence  of  an  ut  field  values  below  2  •  10^  Y cm  in  agreement  with 
the  theoretical  predictions  in  [7]. 

2.  Samples  and  experimental  technique  description 

The  n-p-n  transistors  adopted  are:  (a)  AlGaAs/GaAs  HBT’s  on  GaAs,  grown  by  Molecu¬ 
lar  Beam  Epitaxy  (MBE),  with  collector  doping  ~  3  ■  10^^  cm~^  and  width  Wc  -  0.5 
fim,  base  doping  TVs  ~  2  *  10^^  cm“^,  base  thickness  Wb  =  0.12  ^m  and  emitter  area 
Ae  =  7.9  •  10“^  cm2  jg].  ^13)  InP/Ino.53Gao.47As  HBT’s  on  InP,  grown  by  Metal  Or¬ 
ganic  Molecular  Beam  Epitaxy  (MOMBE),  characterized  by  an  average  collector  doping 
Nc  ^  ^  '  10^^  cm“^,  collector  width  Wc  =  0.85  /rm,  base  doping  4  •  10^^  cm“^, 

base  thickness  Wb  =  0.05  fim,  and  emitter  area  Ae  =  2.5  •  10"^  cm^.  Multiplication  fac¬ 
tor  measurements  were  performed  with  the  device  in  common  base  configuration  [1,6], 
using  a  HP  4145B  semiconductor  parameter  analyzer. 

When  a  bipolar  transistor  is  biased  in  the  active  region  at  sufficiently  high  values 
of  VcBi  electron-hole  pairs  are  generated  in  the  base- collector  (BC)  space-charge  region 
due  to  impact  ionization.  Electrons  injected  into  the  collector  (primary  current  Iq)  are 
accelerated  by  the  reverse  biased  base- collector  (BC)  junction  electric  field,  gaining  suf¬ 
ficient  energy  to  create  electron- hole  pairs  by  impact  ionization.  The  electrons  and  holes 
created  by  this  process  are  collected  at  the  collector  and  base  contacts  respectively.  Sec¬ 
ondary  electrons  contribute  to  the  total  collector  current  by  an  amount  A/c  =  Ic  - 
while  the  generated  holes  contribute  a  negative  term  A/^  =  —Ale  to  the  base  current. 
The  behavior  of  Ib  as  a  function  of  Vcb  in  both  types  of  devices  is  reported  in  Fig.  1. 
It  is  clearly  visible  the  sign  inversion  of  Ib  due  to  the  collection  of  impact-ionization 
generated  holes  at  the  base  contact  at  Vcb  —  8.5  V  in  the  AlGaAs/GaAs  HBT’s,  and 
at  Vcb  -  4.5  V  in  the  InP/InGaAs  ones.  The  Ib  sign  inversion  occurs  at  the  value  of 
Vcb  where  /?  •  (M  -  1)  =  1,  which  is  almost  constant  in  the  range  of  Ie  used  in  our 
measurements.  AIb  can  be  experimentally  obtained  from: 


AIb  =  /s(VaB)  “  ^Bo 


(1) 


641 


AIGaAs/GaAs  HBT  InP/InGaAs  HBT 


02468  10  12  14  012345678 

(a)  VcB  (V)  (b)  VcB  <v) 


Figure  1:  Base  current  Ib  as  a  function  of  Vcb  in  an  AlGaAs/GaAs  HBT  (a),  and  in  an 
InP/InGaAs  HBT  (b).  Ib  changes  its  sign,  due  to  the  collection  of  impact-ionization  generated 
holes  at  the  base  contact,  at  Vcb  ~  8-5  V  and  Vcb  —  4.5  V,  respectively. 

where  Ibo  is  the  base  current  without  multiplication,  assumed  equal  to  Ib  at  Vcb  =  0  F. 
The  multiplication  factor  M-1  can  then  be  evaluated  from  the  following  equation  [1,14]: 


M-l  = 


Ale 

Ic  ~  Ale 


|A/a| 

Ic—  I  AIb  I 


(2) 


The  ionization  coefficient  can  be  obtained  from  the  measured  avalanche  gain  M 
through  the  relation  [14]: 


0£n  exp  [—  Jq  [an  —  dp)  dx']  dx 


valid  for  electron-initiated  multiplication,  and  derived  under  the  assumption  that  is  a 
function  of  the  local  electric  field.  If  the  electric  field  is  sufficiently  low  so  that  the  M-1 
factor  is  much  smaller  than  unity  (10"®  <  M  -  1  <  10"^  in  our  measurement),  and  if  dn 
is  approximately  equal  or  greater  than  then  the  ionization  events  due  to  secondary 
carriers  can  be  neglected  [15],  so  that  the  term  /o^(a„  -dp)dx’  is  very  close  to  zero. 
Furthermore,  if  the  electric  field  is  constant  throughout  the  collector  depletion  region, 
eq.  (3)  reduces  to: 

M  -  1  =  dn{E)  •  Wc  (4) 

Although  Ale  =1  AIb  |,  from  an  experimental  point  of  view  it  is  convenient  to  measure 
the  avalanche  current  as  a  change  in  the  base  current,  rather  than  a  variation  of  the 
collector  current,  since  the  latter  is  superimposed  on  an  injected  carriers  current  7^,  (3 
times  greater  than  Ibo-  AIb^  as  defined  in  eq.  (1),  actually  yields  the  impact-ionization 
current  only  if  the  following  conditions  are  verified:  1)  the  contribution  to  AIb  due  to 
impact  ionization  is  significantly  larger  than  the  contribution  due  to  the  Early  effect;  2) 
the  base-collector  diode  reverse  current  Icbo-,  including  the  components  due  to  surface 
generation-recombination  and  leakage,  is  negligible  compared  to  AIb-  These  assump¬ 
tions  are  of  major  concern  when  eq.  (1)  is  used  in  low  field  conditions. 

To  appreciate  how  parasitic  contributions  affect  the  base  current  at  low  electric  fields, 
we  report  in  Fig.  2  A/g,  as  defined  in  eq.  (1),  measured  at  constant  Ie  and  at  constant 
ysE’,  measured  with  the  emitter  floating,  is  also  shown  in  Fig.  2.  In  both  types  of 


642 


AIGaAs/GaAs  HBT 


4  InP/InGaAs  HBT 

10  I - ^ ^ ^  r 


Figure  2:  (a)  |  A/b  |  versus  Vcb  measured  at  constant  emitter  current  Ie  =  -0.2  mA  and 
at  constant  emitter-base  bias  Vbe  —  V  in  an  AlGaAs/GaAs  HBT,  together  with  IcBo 
measured  with  the  emitter  floating;  (b)  |  AIb  \  versus  Vcb  measured  at  constant  emitter-base 
bias  Vbe  in  an  InP/InGaAs  HBT,  together  with  Icbo  measured  with  the  emitter  floating. 


devices,  AIb  is  always  much  greater  than  Icbo-  As  a  consequence  Icbo  does  not  affect 
impact- ionization  measurements. 

In  the  devices  with  GaAs  collector,  which  is  characterized  by  a  lower  ionization 
coefficient  with  respect  to  Ino,53Gao.47As,  AIb  behaves  differently  at  high  and  low  Vcb- 
At  high  Vcb  {>  5.5  V),  the  increase  of  AIb  is  dominated  by  impact-ionization-generated 
holes  collected  at  the  base  contact  [6].  At  low  Vcb  4  F),  the  behavior  of  AIb  is 
dominated  by  the  Early  effect,  which  influences  the  base  current  through  the  modulation 
of  the  minority  carrier  profile  in  the  base  region.  The  base  current  is  due  to  bulk 
recombination  in  the  quasi-neutral  base  (/sr),  and  to  recombination  in  the  base  emitter 
space-charge  region  (Ibsct)  [16].  Free  surface  recombination  is  negligible  in  our  samples 
due  to  the  very  low  ratio  of  free  surface  to  emitter  contact  area  [6,17,18].  When  the  device 
is  driven  at  constant  Vbe->  the  concentration  of  minority  carriers,  np(0),  at  the  emitter 
edge  of  the  neutral  base  region  is  kept  constant,  while  the  effective  base  width  decreases 
as  Vcb  is  increased.  Since  the  total  minority  charge  stored  in  the  base  is  reduced,  the 
base  recombination  current  Ibt  decreases,  leading  to  a  spurious  contribution  to  |  AIb  |, 
Fig.  2(a).  This  contribution  is  even  larger  when  the  device  is  driven  at  constant 
since  the  injection  level  is  externally  fixed,  so  that  the  gradient  of  the  electron  density 
at  the  emitter  edge  of  the  neutral  base  is  kept  constant  on  increasing  Vcb-  Thus,  the 
decrease  in  the  effective  base  width  must  be  accompanied  by  a  reduction  of  the  forward 
emitter-base  bias,  resulting  in  a  decrease  of  the  base-emitter  space-charge  recombination 
current  Ibsct-  This,  together  with  the  reduction  in  the  total  minority  charge  stored  in 
the  base,  leads  to  a  contribution  to  \  AIb  I  which  is  greater  than  the  one  measured  at 
constant  Vbe  by  more  than  one  order  of  magnitude,  see  Fig.  2(a).  The  influence  of  the 
Early  effect  on  AIb  at  low  Vcb  discussed  above,  sets  the  lower  limit  for  the  measurement 
of  M-i  at  low  electric  fields  in  the  AlGaAs/GaAs  HBT’s.  For  this  reason,  in  order  to 
extract  the  ionization  coefficient  from  M-1  data,  it  is  convenient  to  drive  the  device  at 
constant  Vbe,  rather  than  at  constant  Ie- 

In  the  InP/InGaAs  HBT’s,  due  to  the  high  value  of  in  Ino.53Gao.47 As,  AIb  is 


dominated  by  the  collection  of  impact-ionization-generated  holes  even  at  low  Vcb  values. 
In  fact,  the  curve  of  A/^  measured  at  constant  Vbe  and  the  one  measured  at  constant 
Ie  are  very  close,  showing  that  the  contribution  of  the  Early  effect  is  negligible. 

3.  Results  and  discussion 

The  values  of  derived  from  the  M  —  1  measured  at  constant  Vbe  using  eq.  (4)  and 
eq.  (2)  are  reported  in  Fig.  3(a)  and  3(b)  for  GaAs  and  Ino.53Gao.47As,  respectively. 
The  an  data  have  been  attributed  to  the  maximum  value  of  the  electric  field  Em  AX  in 


Figure  3:  (a)  Experimental  data  of  the  electron  ionization  coefhcient  (dashed  lines)  in 
GaAs  as  extracted  from  the  measured  M-1  values.  The  experimental  data  for  an  in  (100} 
GaAs  obtained  by  Bulman  et  al  [9]  are  also  reported  (tilled  circles),  (b)  Experimental  data  of 
an  (solid  hnes)  in  Ino.53Gao.47 As  as  extracted  from  the  measured  M-1  values.  The  experimental 
data  for  obtained  by  Ritter  et  al  [12]  (filled  circles)  and  the  theoretical  calculation  by  Bude 
et  al.  [7]  (open  squares)  are  also  reported. 

the  collector  depletion  region  or  to  its  average  Ej^ve  to  give  an  estimation  of  the  error 
deriving  from  the  slight  variation  of  the  electric  field  across  the  collector  region.  The 
previously  available  data  for  (100)  GaAs  [9]  (filled  circles)  obtained  on  GaAs  avalanche 
photodiodes  are  extended  by  almost  two  orders  of  magnitude  in  the  low  field  domain. 
For  Ino.53Gao.47 As,  a  theoretical  work  by  Bude  et  al.  [7]  predicted  a  weak  electric  field 
dependence  of  an  below  values  of  approximately  2  •  10^  then  observed  by  Ritter 

et  al.  [12]  down  to  a  minimum  value  of  10^  cm~^.  Despite  the  uncertainty  due  to  the 
non- uniformity  of  the  electric  field,  which  sets  the  lower  limit  to  the  values  extracted, 
our  measurement  clearly  demonstrates  the  reduction  of  the  field  dependence  down  to 
a  value  of  =  1  cm“F  In  the  AlGaAs/GaAs  devices,  the  lower  limit  of  the  an  value 
extracted  is  set  by  the  contribution  of  the  Early  effect  to  AJ^. 

Since  the  distance  over  which  non-equilibrium  effects  take  place  is  short  compared 
with  the  collector  depletion  width,  the  assumption  of  a  local  dependence  of  an  on  the 
electric  field,  on  which  eq.  (3)  is  based,  actually  holds  over  most  of  the  integration  path. 
The  same  is  not  true  for  the  highly-doped  collectors,  as  discussed  in  ref.  [6]. 
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4.  Conclusions 

In  conclusion,  we  have  demonstrated  that  suitably  designed  HBT’s  and  the  measurement 
of  M-i  in  terms  of  AIb  rather  than  Ale  allow  unprecedented  sensitivity  in  measuring 
the  impact-ionization  coefficients  at  low  electric  fields.  When  the  limit  to  the  extension 
of  the  measurement  to  lower  fields  is  set  by  the  Early  effect,  as  in  our  AlGaAs/GaAs 
HBT’s,  the  limit  can  be  reduced  by  driving  the  device  at  constant  Vbe  rather  than  at 
constant  Ie-  In  particular,  we  were  able  to  extend  the  measurement  of  On  for  (100) 
GaAs  and  Ino.53Gao.47 As  down  to  1  cm“h  By  increasing  the  width  Wc  of  the  collector 
depletion  region,  and  by  measuring  devices  with  longer  minority  carrier  lifetime  in  the 
base  it  should  be  possible  to  further  increase  the  sensitivity  of  this  technique.  However, 
even  if  HBT’s  allow  one  to  measure  ionization  coefficients  with  superior  sensitivity  at 
low  electric  field  with  respect  to  avalanche  photodiodes,  complementary  n-p-n  and  p-n-p 
structures  are  required  to  measure  and  Up  respectively. 
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Abstract.  We  present,  for  the  first  time,  an  analysis  of  the  measured  transport  mechanisms 
operative  in  abrupt-  and  graded-base/collector  AlInAs/GalnAs/InP  double  heterostructure  bipolar 
transistors.  We  have  found  that  the  abrupt-BC  structure  gives  rise  to  Schottky-Emission, 
Tunneling,  Frenkel-Poole/Schottky,  Thermionic,  and  Space-Charge-Limited  Conduction  current 
components,  while  only  Schottky-Emission,  Tunneling  transport,  and  the  usual  high-current 
Ohmic  behavior,  are  found  in  the  graded-BC  structure. 


1.  Introduction 

The  breakdown  behavior  of  AlInAs/GalnAs  heterostructure  bipolar  transistors  can  be 
significantly  improved  by  replacing  most  of  the  collector  with  a  wide  gap  material  such  as  InP 
[1],  [2].  Introducing  the  wide  gap  material,  however,  elicits  major  device  design  issues  [3]  in 
view  of  the  impact  the  resulting  base-collector  (BC)  conduction  band  step  discontinuity  has  on 
important  electrical  parameters  like,  device  current  handling  capability,  saturation  voltage, 
breakdown  voltage,  and  microwave  performance.  Understanding  of  the  transport  mechanisms 
at  work  in  AlInAs/GalnAs/InP  double  heterostructure  bipolar  transistors  (DHBTs)  is, 
therefore,  crucial  for  elucidating  design,  optimization,  and  reliability  issues  pertaining  the 
high-frequency/high-power  operation  of  these  devices  and  for  the  formulation  of  accurate 
physically-based  analytical  and  numerical  models.  To  this  end,  results  on  the  transport  analysis 
of  fabricated  abrupt-  and  graded-BC  DHBT  structures  are  presented. 

2.  Device  Structures  and  Electrical  Characteristics 

The  DHBT  epitaxial  structures  were  grown  by  our  gas  source  MBE  in  a  Varian  GEN-II 
system.  The  layer  design  of  the  abrupt  AlInAs/GalnAs/InP  DHBT  used  for  this  study  is 
shown  in  Figure  1.  It  consisted  of  a  0.7  mm  Gain  As  subcollector  (n''‘=lxl0l^  cm"^)  and  a 
0.75mm  InP  collector  (n=3xl0l^  cm"^)  followed  by  a  50nm  n-GalnAs  spacer  (n=l  x  10^^ 
cm~3)  to  allow  the  electrons  to  acquire  sufficient  energy  to  overcome  the  barrier.  The  base 
was  60nm  thick  and  was  heavily  doped  with  Be  (p+ =  6x1 0^^  cm"^).  The  base- emitter 
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Fig.  1  MBE-grown  epitaxial  layer  design  of  abrupt  base/collector  AlIn/Galn/InP  DHBT 

junction  was  compositionally  graded  over  a  distance  of  30nm.  A  layer  design  similar  to  that 
of  Figure  1,  but  with  a  lOOnm  compositionally  graded  superlattice  inserted  at  the  BC,  describes 
the  graded-BC  DHBT  structure  [4].  Both  abrupt-  and  graded-BC  DHBT  devices  were 
fabricatedusing  our  triple  mesa  process  [5]. 


3.  Analysis  of  Transport  Mechanisms 

An  assessment  of  transport  mechanisms,  in  general,  entails  the  interpretation  of  measured 
Current-Voltage  and  Current-Temperature  characteristics  in  terms  of  the  characteristics  of 
fundamental  transport  processes,  i.e.,  Schottky-Emission,  Frenkel-Poole,  Tunnel  or  Field 
Emission,  Space-Charge-Limited  Conduction,  Ohmic  Conduction,  Ionic  Conduction,  Hopping 
Conduction,  or  Polaron  Conduction  [6],  [7].  We  have,  therefore,  analyzed  the  measured  DC 
transport  characteristics  of  abrupt-  and  graded-BC  6-finger  power  DHBTs 
between  IS^C  and  ISO^C.  From  typical  Gummel  plots,  shown  in  Figure  3  for  a  temperature 
of  SO^C,  we  can  immediately  observe  that  a  number  of  transport  regimes  are  at  work. 
Identification  of  these  transport  regimes  has  been  carried  out  by  expressing  the  collector  current 
in  terms  of  six  major  components  [7,  p.  496],  namely. 


^ Schottky-emission  ^  ^Frenkel-Poole  ^  ^Tunneling  ^  thermionic  ^  tpace-charge  thmic 
IscHoaky-e^ission  “  /  T  -  /  kT))  (2) 

(3) 

(4) 

(5) 

(6) 


hrenkel-Poole  exp(-l-2a^/\^  /  T  /  kT)) 


tunneling-^ be  ^M-bfVsE) 

thermionic^^'^^^^-^^Birn 


tpace-chsage  ^  ^ be 
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^ Ohmic  ^be  c/T)  (7) 

where,  in  the  context  of  a  base-collector  junction,  a  =  Jq/(47J:e.W)  ,with  Ed  being  the 
depletion  region  permittivity,  and  W  the  width.  (J)  b  represents  the  conduction  band  step 
discontinuity,  and  b  and  c  are  constants  embodying  the  tunneling  parameters,  and  the 
activation  energy  for  ohmic  conduction,  respectively. 

3.1  Abrupt-BC  DHBT  Transport  Analysis 

The  changes  in  slope  on  the  abrupt-BC  DHBT's  IC-VBE  @  VCE=1V  curve,  Figure  2a, 
suggest  the  presence  of  at  most  six  transport  regimes  [8].  Identification  of  the  fundamental 
transport  process  operative  in  a  given  regime  is  done  by  re-plotting  the  data  in  question  in  such 
a  way  that  a  straight  line  is  obtained  [7].  Figures  3a-thru-3f  identify  the  transport  mechanisms 
operative  in  regions  I-thru-VI  of  Figure  2a,  respectively.  They  are  found  to  be  Schottky- 
Emission,  Tunneling,  Frenkel-Poole/Schottky,  Thermionic,  and  Space-Charge-Limited 
Conduction.  The  extracted  base/collector  bandgap  step  discontinuity,  (j)  b  ,  was  approximately 
0.26  eV. 

3.2  Graded-BC  DHBT  Transport  Analysis 

Three  transport  regimes  appear  to  be  operative  in  the  graded-BC  DHBT,  as  can  be  deduced 
from  Figure  2b.  These  have  been  found,  Figure  4a-thru-4c,  to  be  consistent  with  Schottky- 
Emission,  Tunneling,  and  a  rather  weak  Ohmic  behavior  with  an  activation  energy  of 
approximately  3.9  m  eV.  The  continuing  presence  of  tunneling  in  the  graded-BC  structure, 
Figure  4b,  dramatizes  the  partial  success  of  the  grading  in  eliminating  the  BC  step 
discontinuity,  and  points  to  the  need  for  further  device  optimization. 


Fig.  2  Measured  Gummel  plots  of  6-finger  DHBTs:  (a)  abrupt  base/collector, 
(b)  graded  base/collector 
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Fig.  3  Analysis  of  transport  mechanisms  in  abrupt  base/collector  DHBT.  (a)  regime  I, 

(b)  regime  II,  (c)  regime  III,  (d)  regime  IV,  (e)  regime  V,  (f)  regime  VI 
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Fig.  4  Analysis  of  transport  mechanisms  in  graded  base/collector  DHBT:  (a)  regime, 

(b)  regime  II,  (c)  regime  III 

4.  Conclusions 

We  have  analyzed  the  transport  mechanisms  operative  in  abrupt-  and  graded-BC 
AlInAs/GalnAs/InP  DHBTs.  Schottky-Emission,  Tunneling,  Frenkel-Poole/Schottky, 
Thermionic,  and  Space-Charge-Limited  Conduction  were  found  to  be  the  mechanisms  at  work 
in  the  abrupt-BC  DHBT,  while  only  Schottky-Emission,  Tunneling  transport,  and  the  usual 
high-current  Ohmic  behavior,  were  observed  in  the  graded-BC  DHBT.  Despite  the  presence  of 
tunneling  in  the  graded-BC  DHBT  structure,  which  has  revealed  that  the  grading  did  not 
achieve  a  complete  elimination  of  the  step  discontinuity,  a  stark  contrast  between  the  blocking 
effects  of  the  abrupt-  versus  graded-BC  DHBT  structures  under  high-current  conditions  was 
observed.  Our  measured  data  displays,  in  a  rather  vivid  fashion,  the  richness  of  physical 
phenomena  underlying  the  operation  of  modern  HBTs,  and  our  analysis  has  clearly  unveiled 
and  demonstrated  the  important  physics  which  an  accurate  formulation  of  analyticaJ/numerical 
tools  aimed  at  HBT  device  design  must  encompass  [1 1].  These  findings  carry  a  high  practical 
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significance  as  they  clearly  show  that  the  charge  extraction  mechanisms  of  the  base/collector 
junction  in  DHBTs  render  the  collector  current  a  non- exponential  function  of  VBE.  This 
observation  is  highly  relevant  to  power  amplifier  applications,  as  it  implies  a  loss  of  efficiency, 
due  to  a  reduced  peak  current  capability  [12].  In  addition,  the  findings  point  to  the  detrimental 
effects  of  tunneling,  ^ be) ^  major  component  responsible  for 

limiting  the  maximum  attainable  device  efficiency.  Finally,  it  is  readily  apparent  that  DHBTs 
exhibit  multiple  bias-dependent  temperature  behavior,  which  has  serious  implications  for  some 
applications,  e.g.  integrated  circuits. 
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Abstract.  In  this  paper  we  report  the  contactless  determination  of  the  time  constants  of  the  equivalent 
circuits  of  both  the  GaAs  collector  and  GaAlAs  emitter  portions  of  a  GaAs/GaAlAs  heterojunction 
bipolar  transistor  structure  using  the  modulation  frequency  dependence  (2  Hz  <  /^  <  100  kHz)  of 
the  in-phase  and  quadrature  photoreflectance  signals  from  these  spectrally  separated  regions.  An 
analysis  of  the  collector  time  constant  reveals  that  the  recombination  mechanism  in  the  collector-base 
region  is  dominated  by  the  hole  current  and  is  due  to  midgap  trap  states.  This  experiment 
demonstrates  a  new  area  of  application  for  this  method  for  the  characterization  of  these  devices. 

1.  Introduction 

The  contactless  electromodulation  (EM)  method  of  photoreflectance  (PR)  has  proven  to  be 
a  valuable  experimental  method  to  investigate  the  properties  of  semiconductors  (bulk/thin 
film)  [1,2],  semiconductor  microstructures  [1,2]  (quantum  wells,  quantum  dots  [3], 
heterojunctions),  surfaces/interfaces  [1,2]  and  actual  device  configurations  (heterojunction 
bipolar  transistors,  pseudomorphic  high  electron  mobility  transistors,  vertical  cavity  surface 
emitting  lasers,  etc.)  [2,4].  Not  only  is  PR  contactless  but  it  also  requires  no  special 
mounting  of  the  sample  and  hence  can  be  performed  nondestructively  on  wafer  sized 
samples.  Most  of  these  investigations  have  used  the  sharp,  derivative-like  optical  structures 
produced  by  this  technique,  including  Franz-Keldysh  oscillations  (FKOs)  [1,2].  However, 
since  PR  is  an  ac  technique  there  is  also  important  information  in  other  modulation  variables 
such  as  phase,  modulation  frequency  (fj,  amplitude,  etc.  [2]  in  addition  to  the  sharp, 
derivative-like  spectral  features.  Photoreflectance  is  the  optical  response  of  the  material  to 
the  modulating  ac  electric  field  and  hence  can  be  considered  as  a  contactless  optical 
impedance  spectroscopy.  However,  very  little  work  has  been  done  in  this  area  of  modulation 
spectroscopy.  The  first  report  of  EM  as  an  optical  impedance  spectroscopy  was  by 
Silberstein  et.  al.  [5],  who  demonstrated  that  electrolyte  electroreflectance  (EER)  could  be 
used  to  obtain  the  electrical  impedance  of  a  semiconductor-electrolyte  interface.  These 
authors  measured  the  in-phase  and  quadramre  EER  signals  as  a  function  of  in  the  range 
10  Hz  <  /^  <  10  kHz.  Subsequently  a  number  of  articles  reported  the  evaluation  of  trap 
times  by  measuring  the  frequency  response  of  PR  signals  from  various  semiconductors 
including  temperature  dependent  measurements  [2].  Also  several  investigators  have  made 
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use  of  the  phase  of  PR  [2,6,7],  including  a  recent  study  on  interference  effects  from 
epitaxial  layers  [6].  Shen  et.  al.  studied  the  time  constants  involved  in  PR  from  several 
surface/undoped//z+-GaAs  (001)  structures  by  measuring  the  rise  and  fall  times  of  the  signals 
using  a  digital  oscilloscope  [8]. 


In  this  paper  we  report  a  room  temperature  PR  study  of  the  signals  from  the  collector  and 
emitter  regions  of  a  GaAs/GaAlAs  heterojunction  bipolar  transistor  (HBT)  structure.  The 
in-phase  and  quadrature  signals  from  these  spectrally  isolated  portions  of  the  sample  were 
evaluated  in  the  frequency  range  2  Hz  <  /,  <  100  kHz.  These  measurements  made  it 
possible  to  determine  the  RC  time  constants,  Ti  and  Tj,  of  the  equivalent  circuits  of  the 
collector  and  emitter  regions,  respectively.  An  analysis  of  the  former  reveals  that  the 
recombination  mechanism  in  the  collector-base  region  is  due  to  midgap  trap  states  and  is 
dominated  by  the  hole  current.  This  experiment  demonstrates  a  new  area  of  application  for 
this  method  for  the  characterization  of  these  devices. 


2.  Experimental  Details 

The  GaAs/GaAlAs  HBT  sample  used  in  this  study  was  fabricated  by  MBE  and  had  the 
following  characteristics.  The  collector  contact  layer,  6000A  of  /z^-GaAs  («  5  x  10^*  cm'^), 
was  grown  on  an  undoped  liquid  encapsulated  Czochralski  <001  >  semi-insulating 
substrate.  This  was  followed  by  the  collector  layer  of  TOOOA  of  n-GaAs  7.5  x  10^^  cm'^) 
and  the  1400A  p^-GaAs  base  («1  x  10^^  cm'^).  The  ISOOA  zi-GaAlAs  («5  x  10^”^  cm‘^) 
emitter  was  graded  in  Al  composition  at  the  top  and  bottom  over  300A.  The  n  -GaAs  ( ~  7 
X  10^®  cm'^)  emitter  contact  layer  was  about  750A  thick.  The  dopants  were  Si  and  Be  for 
the  n-  and  /7-type  regions,  respectively.  The  PR  apparatus  has  been  described  in  the 
literature  [1,2].  The  pump  beam  was  the  670  nm  line  of  a  laser  diode  modulated  by  an 
acousto-optic  modulator  [9].  The  intensities  of  the  pump  and  probe  beams  were  600  /xW/cm^ 
and  100  />^W/cm^  respectively. 


3.  Experimental  Results 


Plotted  in  Fig.  1  is  the  PR  spectrum 
at  300K  from  the  collector  and 
emitter  regions  of  the  sample  at/^  = 
500  Hz.  The  signals  occur  in  the 
region  of  the  direct  band  gaps  of 
GaAs  [Eo(GaAs)]  and  GaAlAs 
[Eo(GaAlAs)],  respectively.  From 
the  position  of  the  latter  we  can 
deduce  an  Al  composition  of  28%. 
Both  spectra  exhibit  pronounced 
FKOs. 

Displayed  in  Figs.  2  and  3  are  the 
normalized  in-phase  (open  circles) 
and  quadramre  (closed  circles) 
amplitudes  of  the  collector  and 
emitter  PR  signals,  respectively,  as 
a  function  of  modulating  frequency 
in  the  range  2  Hz  <  /^  <  100  kHz. 


Fig.  1  Photoreflectance  spectrum  (in-phase  component)  in  the 
region  of  Eq  of  GaAs  (collector)  and  GaAlAs  (emitter)  of  a 
GaAs/GaAlAs  HBT  at  300K. 
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Fig.  2  In-phase  (open  circles)/quadrature  (closed  Fig.  3  In-phase  (open  circles)/quadrature  (closed 
circles)  signals  vs  f,„  for  the  GaAs  collector.  The  circles)  PR  signals  vs/„  for  the  GaAlAs  emitter.  The 
solid/dashed  lines  are  fits  to  Eq.  (2).  solid/dashed  lines  are  fits  to  Eq.(2). 


4.  Analysis 


We  have  analyzed  the  frequency  dependent  data  of  Figs.  2  and  3  on  the  following  basis. 
The  photo  voltage,  Vp(t),  induced  by  the  pump  beam  can  be  expressed  as: 


Vp(t)« 


2sinhx 

2sinhx 


-V2f^<i<0 

0<t<l/24 


(1) 


where  x  =  1/2/^r  and  r  is  the  characteristic  time  constant  of  the  circuit.  In  Eq.  (1)  we  have 
assumed  equal  rise  and  fall  times  for  the  circuit.  By  taking  the  Fourier  transform  of  Eq.(l) 
it  can  be  shown  that  the  frequency  dependence  of  the  first  harmonic  in-phase  and  quadature 
components  of  the  signal  are  given  by: 


in-phase  = 


1 

[l+(27r/,r)2]’ 


quadrature  = 


[1  ’ 


(2) 


Shown  by  the  solid  and  dashed  lines  in  Fig.  2  (GaAs  collector)  and  Fig.  3  (GaAlAs  emitter) 
are  least-square  fits  of  Eq.(2)  to  the  frequency  dependence  of  the  in-phase  and  quadrature 
components  of  the  PR  signal,  respectively.  The  obtained  time  constants  are  Ti  =  1.8  x  10'^ 
sec  and  T2  =  3.6  x  10'^  sec,  respectively.  Note  that  the  time  constant  of  the  emitter  region 
is  more  than  an  order  of  magnitude  greater  than  that  of  the  collector  portion. 

In  the  collector-base  p-n  junction,  assuming  the  saturation  current  is  due  to  thermionic 
emission,  the  resistance  times  area  (RA)  can  be  written  as  [10]: 
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RA  =(kT/q)(l/A  -T  Vp(E,/kT),  (3a) 

where  A*  is  the  Richardson  constant  and  is  an  effective  barrier  height  for  the  saturation 
current.  The  capacitance  per  unit  area  (C/A)  for  an  abrupt  one-sided  p~n  junction  is  [10]: 

C/A=(qn^/c£„/2VJ''^,  (3b) 

with  n,  being  the  «-type  collector  carrier  concentration  (7.5  x  10^^  cm'^),  k  is  the  static 

dielectric  constant  (=  13  for  GaAs),  eo  is  the  permittivity  of  free  space  and  Vbi  is  the  built- 

in  potential.  For  an  ideal  junction  Vb;  can  be  expressed  as  [10]: 

=  E,  +  kTln(n^pyN^P,) ,  (3c) 

where p^,  is  the /?-type  carrier  concentration  in  the  base  (« 1  x  10^^  cm'^)  and  N,  (4.7  x  10^^ 
cm'^)  and  (7.0  x  10’*  cm'^)  are  the  density-of-states  of  the  conduction  and  valence  bands, 
respectively.  With  Bq  =  1.42  eV  we  find  Vbi  =  1-32  V  for  the  ideal  case. 

From  Eqs.  (3a)  and  (3b)  the  time  constant,  tj,  is  given  by: 

T,  =RC  =(kT/q)(l/A  •T^)(qn^Ke„/2V,,)''^exp(E,/kT) ,  (4a) 

SO  that: 

E,  =  kTln  [t,A  •  TV(kT/q)(qn„/ce„/2)''^]  +  (kT/2q) In  V,. .  (4b) 

The  second  term  in  Eq.  (4b)  is  small  compared  to  the  first  term. 

With  Ti  =  1.8  X  lO"’  sec,  n,  =  7.5  x  lO’**  cm'^  and  assuming  that  the  saturation  current  is 
due  to  the  holes  (A*  =  74  A/cm^K"  [10])  we  find  that  E^^  =  0.73  eV  for  hole  barrier 
height  in  the  collector-base  region. 

Both  the  collector  and  emitter  signals  exhibit  pronounced  FKOs  (see  Fig.  1).  The  positions 
of  the  extrema  in  the  FKOs  are  given  by  [1,2]: 

niT  =  (4/3)[(2p,)''^(E,„-E„)^'^/qftF]  +  x,  (5) 

where  E,„  is  the  photon  energy  of  the  m*  extrema,  F  is  the  electric  field,  /X||  is  the  reduced 

interband  effective  mass  in  the  direction  of  F  and  x  is  an  arbitrary  phase  factor.  Therefore, 
F  can  be  obtained  directly  from  the  period  of  the  FKOs  if  is  known.  With  (in  units 
of  the  free  electron  mass)  =  0.055  (GaAs)  and  0.073  (GaAlAs)  we  find  F  =  3.0  x  10'’ 
V/cm  and  1.9  x  10'’  V/cm  for  the  collector  and  emitter  regions,  respectively. 

5.  Discussion  of  Results 

Because  of  the  very  short  lifetimes  the  current  flowing  through  the  GaAs  collector-base 
space  charge  region  (SCR)  under  low  bias  is  due  primarily  to  Shockley-Read-Hall  (SRH) 
recombination  through  deep  traps  in  the  SCR.  The  SHR  recombination  rate  is  given  by  [1 1]: 
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^SRH 


n'pi-nf 


rp{n/  +njexp[(E^-Ej)/kT]}  +r„{p/  +njexp[-(E^  ~E)/kT]} 


where  n'(pc)  are  the  nonequilibrium  electron  (hole)  concentration  in  the  collector,  rii  is  the 
intrinsic  carrier  concentration,  Ej  is  the  Fermi  level  for  intrinsic  material,  Et  is  the  trap  level 
while  Tq  and  Tp  are  the  electron  and  hole  lifetimes,  respectively.  For  =  Tp,  the 
recombination  rate  simplifies  to: 


^SRH 


111 

Pc 


r„{n,^+p^n.cosh[(E,-E.)/kT]} 


This  expression  is  maximized  when  E^  =  E  and  the  Fermi  energy  level  crosses  the  trap 
level,  i.e.,  E^  =  E^.  To  reach  the  spatial  location  where  Ef  =  Et,  the  carriers  must  be 
thermionically  emitted  from  the  base  and  undepleted  collector  region.  Since  SRH 
recombination  is  a  two  carrier  process,  the  carrier  with  the  lowest  emission  current  will 
provide  the  controlling  current. 

In  the  collector-base  junction,  the  holes  are  emitted  from  the  base  while  electrons  emitted 
from  the  undepleted  collector.  Normally  the  collector  region  is  non-degenerate  so  the 
potential  barrier  for  electron  emission  into  the  deep  trap  is  from  the  undepleted  region 
conduction  band  to  the  conduction  band  energy  where  Ef  =  E^.  Depicted  schematically  in 
Fig.  4  is  the  HBT  band  diagram,  in  the  region  of  the  collector-base,  showing  the  electron 
and  hole  barrier  heights  for  SHR  recombination  in  the  collector.  For  mid-gap  trapping 
levels,  the  majority  of  the  recombination  occurs  where  the  Fermi  level  (Ef)  crosses  the 
intrinsic  Fermi  level  (Ej). 

Assuming  that  Ef  =  Ej,  the  electron  barrier  (Ef,c)  in  the  collector  is  given  by: 

^be  ”  “  ^i)  ”  (^c  “  ^f)  I  undepleted  collector  ’ 

which  can  be  rewritten  as: 

E,^  =  (Ey2)  -  (kT/2)ln(PyNJ  -kTln(N/n^) .  (7b) 

Using  the  values  of  Eq,  N^,  Pv  and  listed  above,  we  find  that  E^e  =  0.57  eV. 

For  a  non-degenerate  base,  the  potential  barrier  for  hole  emission  (E^h)  into  the  deep  trap 
is  from  the  base  valence  band  energy  to  the  valence  band  energy  where  Ef  =  E^  This  is 
given  by: 


which  yields  E^h  =  0.75  eV.  However,  because  of  the  heavy  doping  in  the  base  the  Fermi 
energy  level  is  less  than  the  valence  band  energy  (see  Fig.  4)  and  the  holes  are  emitted  from 
the  Fermi  level.  In  our  HBT,  this  correction  is  0.03  eV  which  yields  E^h  =  0.72  eV.  The 
hole  barrier  height  is  sufficiently  larger  than  the  electron  barrier  such  that  the  hole  current 
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will  limit  the  recombination 
process.  Therefore,  it  is  the 
hole  barrier  that  is  calculated 
from  Ty  and  the  thermionic 
emission  current,  i.e.,  0.73 
eV,  which  is  in  excellent 
agreement  with  the  0.72  eV 
value  deduced  above. 

The  FKOs  from  the  collector 
region  (see  Fig.  1)  also 
indicate  a  barrier  height  that 
is  considerably  less  than  qV^i 
(1.32  eV)  for  the  ideal  case. 
From  the  relation  between  the 
field  determined  from  the 
FKOs  (3  X  10^  V/cm)  and  the 
electron  barrier  height  (Ebe) 
[10]: 


Ec 

Ef 

Ei 


Ev 


Fig.  4  HBT  band  diagram  in  the  region  of  the  collector-base  showing 
the  barrier  heights  for  SHR  recombination  in  the  collector. 


F^  =  (2n^/Aceo)(Ej,^-kT), 


(8) 


we  find  that  Ebe  =  0.46  eV  (neglecting  any  photovoltage  effects).  This  value  is  in 
reasonable  agreement  with  that  obtained  from  Eq.  (7a). 
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Abstract.  This  paper  describes  some  of  the  unique  features  of  a  Metal  Semiconductor  Field 
Effect  Transistor  (MESFET)  fabricated  from  the  emitter  epilayers  of  a  heterojunction  bipolar 
transistor  (HBT).  The  addition  of  a  backgate  terminal  allows  such  FETs  have  a  tunable 
threshold  voltage.  The  range  of  this  tuning  is  large  enough  to  allow  a  D-mode  (normally  on) 
device  to  be  converted  to  an  E-mode  (normally  off)  device  or  to  easily  compensate  for  threshold 
voltage  shifts  with  temperature.  The  effects  of  this  backgate  terminal  on  DC  and  RF 
performance  of  the  MESFETs  is  reported.  A  64-bit  static  random  access  memory  with  a  read 
access  time  of  330-360  ps  has  been  demonstrated  in  this  Bipolar-FET  (BiFET)  technology  and  is 
also  described. 


1.  Introduction 


The  integration  of  Metal-Semiconductor  Field  Effect  Transistors  (MESFETs)  with 
Heterojunction  Bipolar  Transistors  (HBTs)  has  significant  impact  on  the  design  of  high 
performance  GaAs  circuits  and  systems.  The  combination  of  the  HBT's  high  switching 
speed,  high  drive  capability,  and  low  1/f  noise  and  the  FET's  low  noise,  high  input 
impedance,  high  density  and  yield,  offer  designers  a  great  deal  of  flexibility  and  new  circuit 
opportunities  [1,2].  In  particular,  the  addition  of  MESFETs  will  provide  high  input 
impedance  for  sample-and-hold  circuits,  active  loads  (for  low  power  applications),  current 
sources  and  sinks,  and  low  power  static  random  access  memories  (SRAMs)  with  HBT 
driving  circuitry  and  FET  memory  cells.  The  integrated  FET  characteristics  are  extremely 
important  for  many  circuit  applications:  such  as  signal  mixing  and  in  threshold  voltage 
matching  for  source  coupled  FET  differential  pairs.  Moreover,  a  Direct  Coupled  Bipolar- 
FET  (BiFET)  Logic  (DCBL),  versus  the  traditional  Direct  Coupled  FET  Logic  (DCFL),  is 
now  possible  using  D-FETs  on  GaAs  for  both  pull-up  and  pull-down  transistors,  and 
electrically  biasing  the  backgate  of  the  pull-down  device  to  transform  its  threshold  voltage 
from  depletion  (negative  V^)  into  enhancement  (positive  V^).  The  backgate  can  also  serve  a 
smart  power  shut-off  gate  for  ultra-low  power  IC  applications.  This  paper  describes  some 
of  the  unique  properties  of  such  FETs  fabricated  from  the  emitter  layers  of  a  heterojunction 
bipolar  transistor  (HBT). 
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SiO  Substitutional 


Figure  1.  Schematic  of  HBT/FET  Co-integration 


2.  BiFET  FET  Characteristics 


The  fabrication  process  by  which  these  FETs  were  co-integrated  with  HBTs  has  been 
described  previously  [1,2].  A  schematic  diagram  of  the  resulting  HBT  and  FET  is  shown  in 
Figure  1.  As  a  result  of  this  processing,  there  is  direct  access  to  the  backgate  of  the  FET  via 
the  base  of  the  HBT  layers.  This  is  similar  to  the  body-effect  in  CMOS,  with  the  exception 
that  each  transistor  can  be  individually  controlled.  This  provides  many  interesting 
properties  [3].  The  conversion  of  a  D-mode  (normally  on)  FET  to  an  E-mode  (normally 
off)  FET  biasing  the  backgate  potential  is  shown  in  Figure  2.  This  offers  unprecedented 
fabrication  tolerance  to  threshold  voltage  variations,  as  well  as  the  ability  to  define  both  E 
and  D  mode  devices  with  a  single  gate  recess  step.  The  required  backgate  voltage  was 
found  to  be  approximately  2.5  volts  to  obtain  a  threshold  voltage  of  zero. 


Figure  2.  Demonstration  of  threshold  control  with  backgate  terminal 
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o 

C  10-' 

(0 
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Figures.  Temperature  compensation  with  backgate  terminal 

The  tuning  range  for  the  threshold  voltage  was  found  to  be  -1.2  to  .6  volts  for  backgate 
voltages  of  0  to  -4.5  volts.  Backgate  control  also  allows  the  threshold  voltage  shifts  due  to 
temperature  to  be  compensated  for  since  increasing  temperature  shifts  the  threshold  more 
negative  and  the  backgate  shifts  it  positive.  This  is  demonstrated  for  FETs  operating  up  to 
125  °C  in  Figure  3.  Various  spacings  for  the  source  to  backgate  contact  were  investigated. 
No  significant  difference  was  noted  in  devices  with  spacings  ranging  from  2  to  8  microns. 
This  allows  the  backgate  contact  to  be  removed  from  the  source  of  the  FET.  This  is  critical 
in  RAM  applications  were  the  pass  elements  are  required  to  swap  the  source  and  drain  for 
different  modes  of  operation.  We  also  note  that  this  contact  has  little  effect  on  the  high 
frequency  or  noise  properties  of  the  FET.  For  sub-micron  gate  lengths  defined  using 
optical  lithography  and  a  substitutional  gate  process,  F^s  of  39  GHz  were  observed.  This  is 
shown  in  Figure  4.  The  noise  figure  for  these  FETs  was  found  to  be  2  dB  at  10  GHz  with 
8  dB  associated  gain. 


— □  -  U,  With  Contact 
— ■ —  H21,  with  contact 
— © —  U,  no  contact 
— #—H21,  no  contact 
— 0 —  U,  2uni  space 
♦  H21, 2  um  space 


Frequency  (GHz) 


Figure  4.  RF  performance  of  FET  with,  without,  and  2  gm  removed  p-contact 
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The  RF  and  noise  properties  were  independent  of  whether  the  backgate  resides  in  the 
source  of  the  FET  or  is  removed  by  2  |im. 


3.  BiFETRAM 


As  a  demonstration  of  the  utility  of  this  technology,  we  have  demonstrated  a  64-bit  SRAM 
with  330  ps  best  access  time.  This  circuit  takes  maximum  advantage  of  the  high  current 
drive  capability  of  HBTs  for  the  peripheral  circuitry,  and  uses  FETs  and  HBTs  in  the  bit 
cells,  to  obtain  lower  power  operation.  A  schematic  for  this  SRAM  is  shown  in  Figure  5. 
The  BiFET  SRAM  uses  a  conventional  design  in  which  six  address  lines,  a  WRITE/READ 
strobe,  Din  and  Qout  control  all  functions.  The  address  lines  are  terminated  with  50  Ohms 
to  ground;  however,  ECL  I/O  levels  may  be  used  on  all  but  the  outputs.  The  outputs  are 
complementary  CML  intended  to  be  terminated  with  50  Ohms  to  ground. 


Figure  5.  Schematic  of  HBT/FET  SRAM 

For  testing  purposes,  all  inputs  were  run  at  CML  levels.  The  bit  cell  consists  of  4 
MESFETs  and  two  HBTs.  The  two  HBTs  and  two  MESFETs  form  a  cross-coupled  latch, 
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Figure  6.  Operation  of  BiFET  SRAM 

while  two  MESFETs  act  as  pass  elements  to  complimentary  bit  lines.  The  pass  elements 
have  gates  connected  to  word  lines.  All  of  the  peripheral  circuitry  is  implemented  in  HBT, 
with  Schottky  diodes  used  for  row  decoding.  This  design  takes  advantage  of  the  high  speed 
and  excellent  drive  capability  of  the  HBT  for  best  access  times.  Operation  of  this  SRAM  is 
shown  in  Figure  6.  Access  time  measurements  were  performed  by  selecting  an  arbitrary 
address  line  (A5)  and  toggling  it  at  1  GHz.  This  is  a  column  select  and  ought  to  represent  a 
worst  case  access  time.  The  rows  were  selected  to  row  0,  the  furthest  row  from  the  sense 
amplifier.  A  01  pattern  was  written  (at  DC  by  manually  strobing  the  value);  as  the  address 
toggles,  a  01  pattern  is  observed  on  the  outputs.  The  cable  delays  from  the  address  line  and 
Qout  were  matched.  An  HP54120  oscilloscope  was  used  to  capture  the  output  and  measure 
the  delay,  and  is  shown  in  Figure  7.  Access  times  of  330-360  ps  were  observed.  This  is  in 
good  agreement  with  the  simulated  result  of  336  ps  based  on  SPICE  simulation. 


Read  access  Read  access 

Time  =  330  ps  Time  =  360  ps 


1 7.0000  ns  1 8.0000  ns  1 9.0000  ns 

Time  (200  ps/Division) 

Figure  7.  Read  access  time  for  SRAM 
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4.  SUMMARY 


We  have  demonstrated  several  interesting  features  that  arise  from  fabricated  FETs 
from  the  emitter  layer  of  an  HBT.  The  most  important  feature  is  the  ability  to  tune  the 
threshold  voltage  over  a  wide  range  allowing:  E  and  D  mode  device  to  be  fabricated  from 
one  gate  recess,  compensation  for  mismatch  in  V^,  and  compensation  for  the  shift  of  V(; 
with  temperature.  The  addition  of  this  extra  terminal  had  very  little  effect  on  the  RF 
performance  of  the  FETs.  In  particular,  the  cut-off  frequency  and  noise  figure  showed  no 
noticeable  degradation.  To  demonstrate  the  utility  of  this  process,  a  64-bit  RAM  was  also 
demonstrated.  Record  access  times  of  330ps-360ps  were  achieved  for  this  circuit. 
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ABSTRACT  :  We  report  a  potential  complementary  circuit  technology  with 
pnp  HBT's  and  n  HJFET's.  Both  devices  are  fabricated  from  the  same 
epitaxial  layer  structure,  in  the  InAlAs-InGaAs  on  InP  material  system.  This 
technology  is  centered  around  using  the  junction  of  the  n-HJFET  as  the 
emitter  for  the  pnp  HBT.  The  HJFET  has  an  Idss  of  400  mA/mm  with  a 
peak  gm  of  220  mS/mm.  The  maximum  P  of  the  HBT's  is  200  at  a  collector 
current  density  of  16  kA/cm^. 

1.  INTRODUCTION  : 

InP  based  heterojunction  bipolar  transistors  (HBT's)  and  heterojunction  field  effect 
transistors  (  HJFET's  )  are  finding  extensive  use  in  microwave  as  well  as  digital  circuits  due 
to  their  high  electron  mobility,  peak  velocity  and  conduction  band  discontinuity  between 
IriO.52Alo.48As  and  Ino.53Oao.47As;  all  superior  to  the  GaAs  based  system.  The  integration  of 
FET's  with  HBT's  is  of  great  importance  in  the  design  of  high  performance  integrated 
circuits  due  to  the  high  current  driving  capability  and  the  switching  speed  of  the  HBT 
coupled  with  the  low  noise,  low  power  and  high  input  impedance  features  of  the  FET  .  There 
are  numerous  applications  for  pnp  devices  in  complementary  npn  -pnp  circuits,  such  as  the 
use  of  pnp  devices  as  active  loads,  current  mirrors  and  in  complementary  push-pull 
amplifiers  with  veiy  low  dc  power  dissipation  and  high  linearity. 

Conventionally,  high  speed  complementary  technology  has  been  in  the  form  of  npn-pnp 
HBT's  or  n  and  p  channel  HFET's  [1,2].  A  two  dimensional  electron  gas  base  HBT  has 
been  reported  [3].  We  have  fabricated  n  channel  HJFET's  and  pnp  HBT’s  from  the  same 
layer  structure  made  in  a  single  MBE  growth.  This  technology  is  not  limited  by  the  relatively 
poor  performance  of  p-channel  FET's  or  regrowth  of  active  regions.  Our  approach  is  based 
on  using  the  p  type  junction  gate  of  the  n-HJFET  as  the  emitter  of  the  HBT.  The  n-channel  is 
used  as  the  base  and  the  p  buffer  of  the  HJFET  is  used  as  the  collector. 

2.  DEVICE  STRUCTURE  AND  FABRICATION 

The  complete  epitaxial  layer  structure  common  to  both  devices  and  the  energy  band  diagram 
of  the  devices  are  shown  in  Fig.  1  and  Fig.  2  respectively.  A  heavily  doped  p+  InGaAs  cap 
is  used  for  ohmic  contact  to  the  gate  (emitter).  The  InGaAs  spacer  layer  is  50  A  and  the 
500  A  channel  consists  of  two  delta  dopings  of  2.5  x  10^^  cm-2  each.  The  substrate  is  p+ 
InP  which  is  used  to  form  backside  contacts  for  the  collector. 
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The  HBT  fabrication  begins  with  PECVD  deposition  of  Si02.  The  oxide  is  then 
patterned  using  the  emitter  mesa  mask  and  etched  using  a  CF4  plasma.  The  base  layer  is 
exposed  by  a  phosphoric  acid  solution.  A  second  layer  of  oxide  is  then  deposited  and 
patterned  to  open  windows  for  n+  InGaAs  base  contact  regrowth  by  MOCVD  (see  Fig.  1)  . 
Simultaneously,  source  and  drain  layers  are  regrown  for  the  FFT. 


emitter 


collector  (backside  contact) 
PNPHBT 


n  HJFET 


Fig  1.  HJFFT  -HBT  layer  structure  (not  to  scale) 


Fig  2. Energy  band  diagram  for  the  HJFET-HBT 
structure  at  0  V  applied  bias 
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Next,  the  base  mesa  is  defined.  An  oxide  layer  is  deposited  in  which  windows  are  opened  for 
base  and  emitter  contacts.  Final  metallization  of  the  base  and  emitter  is  completed  with 
Ti/Pt/Au  contact  scheme.  Finally,  a  backside  contact  is  made  for  the  collector.  The  FET 
fabrication  has  been  described  previously  [4]. 

3.  RESULTS  AND  DISCUSSIONS 

The  I-V  characteristics  of  the  HJFET  are  shown  in  Fig.  3a.  The  full  channel  current ,  loss. 


Vgs  =0'°-3 


Fig  3a.  HJFET  I-V  characteristics  Fig  3b.  HJFET  gm  and  Id  vs  Vqs  (at  Vds=2.5V) 

of  the  HJFET  is  400  mA/mm.  The  device  is  fully  pinched-off  at  a  gate  to  source  voltage  of 
-3V.  The  peak  gm  of  the  device  is  220  mS/mm  as  seen  in  Fig.  3b.  The  two  terminal  diode 
breakdown  voltage  is  4  V  and  the  turn  on  voltage  is  0.8  V,  both  defined  at  1  mA/mm  of  gate 
current.  The  source/drain  regrown  ohmic  contact  resistance  is  0.45  £2.mm. 

For  the  HBT,  the  I-V  characteristics  for  a  device  with  emitter  dimensions  of  5  pm  x  25 
pm  is  shown  in  Fig  4. 


I  g  =  0  nA  to  -50  jiA 
step=  -10  pA 


Fig  4.  HBT  common  emitter  I-V  characteristics 

The  maximum  current  gain  p  of  the  HBT  is  200  at  an  emitter  current  density  of  16  kvVcm^. 
The  emitter  base  turn  on  voltage  is  around  1.5  V.  This  high  value  is  attributed  to  a  poor 
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emitter  contact  (with  improved  epitaxial  design  for  a  non-alloyed  p-contact,  a  specific  contact 
resistivity  of  less  than  1  x  10-6  Q.cm^  is  expected  ).  The  specific  contact  resistivity  for  the 
regrown  base  contact  is  4,6  x  10'6  Q.cm^.  The  early  voltage  of  the  devices  is  around  12  V 
which  is  typical  of  an  InAlAs/InGaAs  system  with  a  narrow  base  [5],  The  breakdown 
voltage  for  the  base  collector  diode  is  around  3  V  which  explains  the  anomalous  p  values  at 
lower  base  currents. 

4.  CONCLUSION 

In  summary,  we  have  demonstrated  components  for  a  complementary  technology  featuring 
n-HJFET’s  and  pnp-HBT's,  fabricated  from  the  same  epilayer  structure.  All  the  processing 
steps  of  the  two  devices  are  compatible.  HBT’s  with  P  values  of  200  and  HJFET  s  with  gm 
of  220  mS/mm  have  been  obtained. 

The  primary  advantage  of  this  process  is  that  it  is  easily  integrable  as  we  have  both 
positive  and  negative  transconductance  devices  from  the  same  epitaxial  layer .  The  gate  and 
the  emitter  metals  are  at  the  same  level  which  is  ideal  for  circuit  interconnects.  The  base 
emitter  diode  is  same  as  the  gate  diode,  facilitating  matched  voltages  for  linear  operation.  The 
InAlAs-InGaAs  material  system  is  attractive  due  to  high  electron  mobility  and  velocity  in 
InGaAs.  With  proper  optimization  of  both  the  devices,  this  technology  is  well  suited  for  the 
fabrication  of  high  speed  complementary  integrated  circuits. 
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Hetero Structure  Insulated-Gate-FET  with  Improved  Gate 
Barrier  Characteristics 
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Abstract.  A  planar  GaAs  Insulated-Gate-HFET  using  an  undoped  MBE  grown 
GaAs/AlAs  insulating  heterostructure  layer  between  gate  and  channel  has  been 
investigated  and  compared  with  Schottky  Gate  FETs.  The  AlAs  barrier  layer  in 
the  IG-HFET  represents  an  electron  as  well  as  a  hole  barrier  between  channel  and 
gate,  resulting  in  a  reduced  gate  leakage.  A  reduced  interface  potential  at  the 
AlAs/channel  interface  of  <I>j=0.12eV  is  observed.  This  leads  to  a  reduction  of  the 
space  charge  layer  and  an  increase  of  the  maximum  open  channel  current  as 
compared  to  the  MESFET  at  identical  Np)  •  t-product,  whereas  the  breakdown 
voltage  is  (at  SxlO^’^cm’^  channel  doping)  independent  of  the 

device  configuration.  2W/mm  RF  power  density  has  been  calculated  from  DC- 
measurement. 


1  Introduction 

For  GaAs  based  power  FETs  a  high  drain  current  has  to  be  controlled  by  the  gate  source 
voltage  in  combination  with  a  high  drain  source  voltage.  However,  in  GaAs  MESFETs  the 
maximum  drain  source  voltage  is  inversely  related  to  the  maximum  drain  current  due  to  the 
2-dimensional  avalanche  breakdown  of  the  gate  drain  space  charge  layer,  resulting  in  a 
constant  power  density  of  approx.  IW/mm  [1,2].  The  forward  bias  is  limited  by  the  Schottky 
barrier  height.  The  reverse  breakdown  is  initiated  by  hole  injection  into  the  space  charge 
region,  subsequent  electron  hole  pair  generation,  and  eventually  avalanche  breakdown.  This 
effect  limits  the  gate  drain  breakdown  and  thus  the  power  capability. 

To  overcome  the  power  limitations,  a  number  of  attempts  have  been  made,  as  in 
particular  the  Schottky  drain  [3],  heterojunction  gate  barrier  configurations  [4,5]  and  MISFET 
structures  [6,7].  Only  the  MISFET  structure  with  a  dielectric  of  high  breakdown  strength 
eliminates  the  GaAs  related  restrictions.  However,  GaAs  based  MISFETs  suffer  from  a  high 
density  of  insulated  interface  states  and  can  only  operate  in  the  dynamic  mode. 

In  this  study  an  AlAs  barrier  was  introduced  to  the  Sl-gate  FET  concept  [8,9],  forming 
an  effective  electron  and  hole  barrier  between  the  gate  and  the  channel.  The  hole  barrier  in 
particular  is  extremely  high  with  1.8eV  and  hole  injection  to  the  gate  should  be  totally 
suppressed.  This  will  lead  to  reduced  gate  current  and  avalanche  breakdown  will  be  delayed. 
An  improved  gate  drain  breakdown  characteristics  results  also  in  an  improved  drain  source 
breakdown  voltage.  In  combination  with  a  low  interface  potential,  supporting  a  high  open 
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d  [nm] 

Figure  1:  Calculated  band  structure  of  the 
GaAs/AlAs/GaAs:Si  IG-HFET  structure 
GaAs:  60nm,  AlAs:  20nm,  GaAs:Si  lOOnm, 
n=3xl0^^cm‘^,  <E)g=0.85eV 


channel  current,  high  power  densities 
can  be  obtained.  Advantages  of  the  AlAs 
barrier  layer  heterostructure 

configuration  of  the  IG-HFET  structure 
will  be  demonstrated  by  comparison  with 
a  conventional  planar  MESFET. 


2  IG-HFET  structure  design 

The  IG-HFET  contains  an  AlAs  Barrier 
layer  sandwiched  in  between  the  doped 
channel  and  the  insulating  GaAs  gate 
layer.  The  top  undoped  GaAs  layer 
serves  as  insulator  in  the  SI-Gate-FET 
concept  as  well  as  surface  passivation  for 
the  buried  AlAs  barrier  (insert  figure  2). 


2.1  MIS-diode  characteristics 


Figure  1  shows  the  band  diagram  of  an  GaAs/AlAs/GaAs:Si  heterostructure  calculated  by 
using  CBAND  [10,11].  The  structure  consist  of  a  60nm  undoped  GaAs  layer,  20nm  AlAs 
layer  and  lOOnm  channel  with  a  Si  doping  of  3xl0^^cm"^.  At  the  metal  GaAs  interface  the 
conventional  Schottky  barrier  potential  of  <I>B=0.85eV  was  used. 

At  forward  bias  the  AlAs  barrier  delay  the  electron  injection  into  the  Schottky  contact 
increasing  the  maximum  forward  gate  bias.  At  reverse  gate  bias  the  high  barrier  of  the  valance 
band  of  nearly  1.8eV  suppresses  hole  injection  into  the  gate  contact. 

The  space  charge  layer  of  the  IG-HFET  underneath  the  gate  is  determined  by  the 
interface  potential  Oj  5  of  the  AlAs/channel  heterointerface  (figure  1).  It  is  drastically  reduced 
’  compared  to  the  Schottky  barrier 

potential  of  OB=0.85eV  in  a  MESFET. 

5-  0.5 - - - - -  This  will  allow  to  use  nearly  the  entire 

f  \  sou;ce_  Nj)  *  t-product  of  the  channel  for  current 

0.4  -  \  $i,b  -  transport.  However,  the  trans- 

^  GaAs:si  ||.  i>.  couductance  is  determined  by  the  gate  to 

\  \  (i>i,b  4»i.s  channel  separation. 


\  '^i.b 

\ 


2.2  Insulator/channel 
characteristics 


Figure  2: 


10  20  30  40  50  60  70  80 

dQaAs  [nm] 

Calculated  dependence  of  the  thickness  of  the 
undoped  GaAs  layer  on  the  channel  interface 
potential  Oj,  structure  see  insert 
<l>j  5  between  gate  and  drain  (solid  line) 

Oj’t,  below  the  Schottky  Gate  (dashed  line) 
point:  Oi,b  of  the  IG-HFET  from  CV- 
measurement 


In  the  planar  structure  the  channel  cross 
section  between  gate  and  drain  is 
determined  by  the  channel  interface 
potential  related  to  the  free  surface 
potential.  Calculating  the  band  structure 
with  the  free  surface  potential  of 
a>S=0.60eV  at  the  SI-GaAs  surface  leads 
also  to  an  essentially  reduced  depletion 
region.  This  also  increases  the  usable 
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Nd  •  t-product  and  thus  the  maximum  open 
channel  current,  avoiding  a  parasitic  current 
limiter  as  in  the  conventional  MESFET.  In  the 
case  of  the  MESFET,  this  can  only  be  obtained  by 
a  recess  structure,  however,  only  a  part  of  the 
channel  Njy  •  t-product  can  be  used  for  current 
transport. 

Figure  2  shows  the  dependence  of  the 
thickness  of  the  undoped  GaAs  top  layer  d(3aAs 
on  the  channel  interface  potential  Oj  ^  and 
extracted  from  the  calculation  of  the  band 
structure.  For  the  free  AlAs  surface,  the  GaAs 
potentials  are  used  due  to  the  lack  of  the  exact 
value  of  the  AlAs  potential.  The  maximum 
reduction  of  the  interface  potential  appears 
already  for  an  insulating  GaAs  layers  of  50nm 
thickness  (figure  2).  Therefore,  in  this  study  a 
60nm  layer  were  chosen.  To  take  advantage  of  the 
reduced  interface  potentials  using  these 
heterostructure  as  a  passivation  and  insulating 
layer,  any  free  GaAs  channel  surface  has  to  be 
avoided. 


3  Device  Structure  and  Fabrication 

The  MESFET  and  IG-HFET  structures  are  grown 
in  a  Riber  32P  MBE  system  on  (100)  SI-GaAs 
substrates  on  top  of  a  600nm  thick  GaAs  Buffer 
layer  under  standard  MBE  conditions.  Individual 
devices  are  insulated  by  wet  chemical  mesa 

I  etching. 

I  In  contrast  to  ohmic  contact  fabrication  on 

most  GaAs  related  devices  it  is  not  possible  to 
alloy  through  the  AlAs  barrier  layer.  This  would 
result  in  unacceptable  high  source  and  drain 
series  resistances.  To  contact  the  channel  directly 
it  is  necessary  to  open  windows  in  the 
heterostructure  by  wet  chemical  selective  etching. 
This  will  produce  also  lateral  etching  and  result  in 
unpassivated  free  surfaces  adjacent  to  the  contacts 
(figure  3a).  To  avoid  this  free  channel  surface,  the 
contacts  need  to  overlap  onto  the  passivation 
layer.  This  is  achieved  by  widening  the  resist 
structure  with  an  oxygen  plasma  treatment  before 
metal  deposition  (figure  3b).  Ohmic  contacts  are 
made  by  evaporating  and  alloying  Au/Ge/Ni  and 
lift  off  (figure  4). 


resist 


Figure  3:  Sketch  of  overlapping  ohmic 
contacts  fabrication 

a)  after  selective  etching 

b)  after  broadening  the  resist 
structure,  metal  deposition  and 
lift  off 


Figure  4:  SEM  picture  of  non  overlapping 
(above)  and  overlapping  ohmic 
contacts  (below) 
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Figure  5:  1/C^  versus  V  for  MESFET  and  IG-HFET 
(area  of  Sciiottky  contact  lOOxlOOfim^) 


Finally  Ti/Pt/Au  Schottky  gate 
contacts  are  deposited  by  e-beam 
evaporation  and  lift-off  without  any  gate 
recess.  The  gate  length  and  width  are 
1pm  and  50pm.  Drain  source  spacing  is 
4.5pm. 


4  Results 

4.1  Gate  barrier  characteristic 

As  expected  from  the  theoretical 
considerations  the  forward  gate  bias  of  a 
IG-HFET  can  be  increased  up  to 


Vggmax=l-^^’  whereas  the  gate  current  density  is  still  below  Ig=lmA/mm.  The  improved 
MIS-diode  characteristics  is  demonstrated  by  a  reverse  gate  current  below  Ig=5pA/mm  before 


the  drain  source  breakdown  occurs. 

The  relevant  barrier  potential  of  the  IG-HFET  and  the  MESFET  have  been  determined 
by  CV-measurements.  Form  the  l/C^  versus  voltage  relationship  an  IG-HFET  channel 
interface  diffusion  barrier  potential  of  approx.  0.05V  is  extracted  taking  into  account  the  bias 
independent  insulator  capacitance  of  the  undoped  GaAs  and  AlAs  layers.  This  will  result  in  a 
interfacial  barrier  height  of  Oi^b=0.12eV  (point  in  figure  2).  In  Figure  5  the  I/O  curve  of  the 
MESFET  is  also  plotted. 


4.2  AlAs/channel  interface  potential  between  gate  and  drain 


To  estimate  the  AlAs/channel  interface  potential  in  the  region  between  gate  and  drain  the 
maximum  drain  source  current  of  the  ungated  IG-HFET  structure  is  measured  without  and 
with  the  heterostructure  layer.  Removing  the  undoped  GaAs  layer  reduces  Ips  from 
480m A/mm  to  340m A/mm.  The  current  differences  allows  to  calculate  an  interface  potential 
of  Oi  s=0.22eV  (assuming  a  saturated  velocity  of  IxlO'^cm/s).  Etching  off  the  AlAs  layer  has 
no  further  effect  on  the  drain  source  current.  This  indicates  a  higher  free  surface  potential  of 
AlAs  as  compared  to  GaAs.  However,  the  instability  of  AlAs  exposed  to  air  makes  it  difficult 
to  determine  the  free  surface  potential  exactly. 

Supported  by  overlapping  source  and  drain 
contacts  a  very  uniform  field  distribution  is 
obtained  in  the  buried  channel.  This  results  in  a 
constant  saturation  current  for  drain  bias  up  to  9V 
(figure  6).  In  case  of  non  overlapping  contacts 
early  breakdown  and  current  instabilities  are 
observed. 


4.3  DC  characteristics 


The  low  potential  of  the  insulator  channel 
interface,  is  reflected  in  a  clearly  increased 
Figure  6:  Two  terminal  saturation  current  maximum  Open  channel  current  of  450mA/mm 
with  overlapping  contacts 
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(figure  7).  In  comparison,  the  MESFET  delivered  240mA/mm.  In  order  to  exclude  any 
difference  of  epitaxial  growth  between  the  channel  of  the  MISFET  and  the  channel  of  the 
MESFET,  this  results  has  been  verified  by  selective  removal  of  the  insulating  surface  layer  of 
the  IG-HFET.  Therefore,  the  increased  current  is  due  to  an  increased  usable  part  of  the  Nq  •  t- 
product  of  the  channel,  and  although  the  current  is  increased  similar  drain  source  breakdown 
voltages  are  expected  and  indeed  observed.  For  both  devices  drain  source  breakdown  voltages 
of  36V  are  observed  at  pinch-off.  However,  in  case  of  the  MESFET  a  distinct  leakage  current 
is  observed  for  drain  source  voltages  larger  than  28V.  Although  the  threshold  voltage  V^^  of 
the  MESFET  is  2V  in  comparison  to  IVthl=5.5V  of  the  MISFET  at  high  drain  source  voltages 
it  has  to  be  increased  up  to  4V  to  ensure  low  leakage  current  of  the  MESFET.  The  MISFET 
whereas  shows  a  negligible  leakage  current  up  to  36V  drain  source  voltage  at  constant  gate 
bias  of  IV^hl-  Therefore,  in  large  signal  applications  lower  non  linear  distortions  are  expected 
for  the  IG-HFET. 


VdS  [V]  Vds  [V] 

Figure  7:  Output  characteristics  of  MESFET  and  IG-HFET 

(^p,MESFET=2-®^’  achieve  V£)s  devices  Vg>4.0V) 


In  view  of  the  power  capability,  the  DC-output  characteristics  indicates  a  class  A  RF 
power  density  of  0.9W/mm  for  the  MESFET.  As  expected,  this  value  is  close  to  the  power 
limitation,  predicted  by  the  Schottky  barrier  depletion  layer  lateral  spreading  model  of  approx. 
IW/mm.  The  Insulated-Gate-FET  indicates  that  RF  power  density  of  2W/mm  is  feasible, 
which  would  overcome  the  predicted  power  limit  due  to  an  improved  current  capability. 

5  Summary 

An  AlAs  barrier  layer  has  been  introduced  in  the  well  known  Sl-gate  FET  structure.  This  high 
barrier  layer  leads  to  a  drastically  improved  Schottky  barrier  characteristic.  In  reverse  bias  gate 
current  densities  are  below  Ig=5pA/mm  before  drain  source  breakdown  occurs.  For  forward 
gate  biases  up  to  Vg=+1.5V,  the  gate  leakage  current  is  still  in  the  limit  of  Ig=lmA/mm.  The 
AlAs/channel  interface  potential  is  to  be  found  approx.  OpO.leV-0.2eV.  Due  to  the  reduction 
of  the  channel  interface  potential,  in  comparison  to  the  MESFET,  the  space  charge  layer 
thickness  is  reduced  and  the  maximum  open  channel  current  is  increased.  To  exclude  any 
parasitic  current  limiter  any  free  surface  of  the  channel  has  to  be  avoided  by  an  overlapping 
drain  source  contact  technology.  The  improved  current  capability  results  in  an  increased  RF 
power  density  of  2W/mm,  twice  as  high  as  the  MESFET  of  identical  drain  source  breakdown 
voltage  of  36V.  However  the  power  density  in  the  device  structure  is  highest  at  medium 
current  levels.  Therefore  the  influence  of  any  imperfections  in  the  contact  areas  is  most 
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pronounced  here.  This  technological  detail  is  therefore  most  important  to  realise  the  full  RF 
power  potential. 
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ABSTRACT:  Strain-symmetrized  In^Gaj.xAs/InyAli.yAs  hetero- 
structures  with  0.53  <  X  <  0.74  and  0.52  >  y  >  0.415  and  enhanced 
2DEG  densities  and  mobilities  were  grown  by  molecular  beam 
epitaxy  on  InP  substrates.  The  increased  conduction  band  offset 
resulted  in  extremely  high  electron  densities  of  3.81  x  10^^  cm'^, 
with  a  4.2  K  mobility  of  51100  cm^/Vs  for  single-sided  doping  and 
highest  ever  densities  of  6.70  x  10^^  cm"^  for  double-sided  doping. 
The  strain-symmetrization  with  stress  compensating  InyAlj.yAs 
barriers  did  not,  however,  allow  an  increase  in  the  critical  In  content 
of  the  In^Ga^.^As  QW. 


1,  Introduction 

InGaAs/InAlAs  high  electron  mobility  transistors  (HEMTs)  on  InP  substrates  are  currently 
the  most  promising  devices  for  high  frequency  amplification  [1-5].  Device  performance  can 
be  improved  either  by  reducing  the  gate  length  [1,3]  or  by  increasing  the  channel  conductance 
[3,6-9].  The  enhanced  conduction  band  offset  due  to  the  increasing  In  content  in  the  active 
channel  leads  to  higher  electron  mobilities  and  saturation  velocities.  Numerous  investigations 
have  been  made  to  maximize  the  In  content  in  the  channel  [2,7,8],  including  stress 
compensated  structures  with  opposite  strain  in  quantum  wells  and  barriers. 

We  investigated  strain-symmetrized  SQW  structures  with  a  homogeneously  and 
compress! vely  strained  well  and  InyAlj.yAs  under  tensile  strain  for  stress  compensation.  The 
essential  advantages  of  these  structures  are  a  larger  conduction  band  discontinuity  due  to  the 
increased  band  gap  in  the  lUyAlj.yAs  barrier,  and  a  better  pinch-off  of  the  HEMTs  due  to 
improved  electron  confinement  in  the  12  nm  wide  QW.  We  demonstrate  the  optimization  of 
2DEG  mobility  and  density  in  these  structures  with  modified  In  contents  in  the  barriers  and 
the  wells  and,  secondly,  differing  doping  profiles.  Optimized  HEMT  structures  with 
single-sided  and  double-sided  doping  yielding  2DEG  densities,  measured  at  4.2  K,  as  high  as 
3.81  X  10^^  cm’^  and  6.70  x  10^^  cm‘^  ,  respectively. 
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2.  MBE  growth 

All  structures  used  here  were  grown  by  solid  source  MBE  on  (100)  oriented  InP:Fe  substrates 
with  growth  rates  around  1  jim/h,  a  substrate  temperature  of  530  and  a  V/III  ratio  (beam 
equivalent  pressure)  of  27  .  The  different  compositions  of  the  ternary  layers  were  obtained  by 
controlling  the  group  III  flux  ratio. 

Figure  1  schematically  shows  the  epitaxial  layer  sequence  of  the  investigated  HEMT 
structure.  The  buffer  consists  of  two  100  nm  thick  InQ  52AI0.48 As  layers  and  two 
Ino  53Gao  47As/Ino.52Alo.48 As  superlattices.  The  temperatures  of  the  Ga  effusion  cell  was 
decreased  while  growing  the  second  Ino.52Alo.48As  layer  from  the  value  necessary  for  lattice 
matched  growth  to  the  value  appropriate  for  the  strained  QW.  The  In  flux  was  kept  constant, 
except  for  the  growth  of  the  lattice  matched  cap  layer.  As  our  MBE  machine  is  equipped  with 
two  A1  cells  (and  a  single  Ga  and  In  cell  each),  we  were  able  to  grow  the  layer  sequence 
shown  in  Fig.  1  without  any  growth  interruption  at  the  QW  interfaces,  having  different  A1 
fluxes  at  our  disposal. 

The  investigated  range  in  the  In  contents  of  the  QWs  and  the  barriers  are  given  in 
Table  I.  The  Si  doping  level  in  the  lUyAlj.yAs  supply  layer  was  1.5  x  10^^  cm'^  for  sample 
M5409,  M5424  and  M5425  and  l.OxlO^^cm"^  for  all  others.  The  measured  transport 
properties  reflect  the  influence  of  the  parallel  conduction  in  the  cap  layers:  Samples 
M5406  -  M5410  have  doped  caps  of  only  7  nm  thickness,  whereas  the  other  samples  have 
thicker  caps  (5  nm  undoped  InGaAs  topped  by  10  nm  doped  InGaAs).  The  doping  in  the  cap 
layers  is  3.0  x  10^^  cm‘^  in  all  samples. 

The  characterization  of  our  HEMT  structures  was  made  by  Hall  measurements  at  300, 
77  and  4.2  K  and  Shubnikov-de  Haas  (SdH)  measurements  at  4.2  K  to  separate  the  2DEG 
conductance  from  the  parallel  conductance  in  the  cap  layers.  The  thicknesses  of  the  surface 
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Figure  1 ;  Schematic  layer  structure  of  a 
strain-symmetrized  HEMT. 


2  theta  [deg.] 

Figure  2:  X-ray  diffraction  spectra  (400)  of  a 
strain-symmetrized  MQW  structure  (5  periods)  with 
I  pm  Ino,52Alo.48As  buffer  layer  on  InP  substrate 
(barrier:  23.8  nm  Ino  53Alo47As,  QW:  12.0  nm 
Ino749Gao25|As;  solid:  measurement,  dotted: 
dynamical  scattering  theory). 
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near  layers  were  controlled  by  X-ray  reflectivity  measurements  (XRR).  Compositions  of  the 
strained  layers  were  monitored  by  X-ray  diffraction  (XRD)  on  strain-symmetrized  MQW 
structures,  always  grown  in  direct  sequence  with  the  HEMT  structures. 


3.  Structural  and  transport  properties 

Figure  2  shows  the  XRD  spectra  of  a  strain-symmetrized  Ino.74GaQ  26As/Ino.4i5Alo585As 
MQW  structure.  The  nominal  layer  sequence  is  a  1  |j.m  thick  lattice  matched  InQ  52AI0.48 As 
buffer  layer,  followed  by  5  QWs,  having  24  nm  thick  Ino4i5Alo  585As  barriers  and  12  nm 
wide  Ino j4Ga{)  26As  wells.  The  simulated  spectrum  using  dynamical  scattering  theory  fits  the 
measured  curve  excellently,  with  only  small  deviations  from  the  nominal  values.  The 
compositions  and  thicknesses  from  the  simulation  are:  23.8  nm  Ino4i9Alo58iAs,  12,0  nm 
I^0.749Gao.25iAs,  1  iLim  Ino  522AI0.478AS  buffer.  Although  we  used  high  growth  temperatures 
of  530  °C  and  a  wide  range  of  In  contents  from  0.415  to  0.74  in  the  QW  and  the  barriers,  the 
simulation  indicates  that  there  is  no  noticable  In  segregation  at  the  interfaces,  in  contrast  to 
observed  segregation  lengths  of  3.5  nm  at  the  interfaces  of  pseudomorphic 
Ino.74Gao_26As/Ino.52Alo.48As  MQWs  with  lattice  matched  barriers,  which  were  grown  under 
identical  growth  conditions  [13].  In  segregation  has  also  been  reported  for  the  growth  of 
strained  InGaAs  layers  on  GaAs  [10-12]. 


Table  I:  Structural  parameters,  mobilities  and  2-DEG  densities  of  strain-symmetrized  InxGai.^As/InyAh.yAs 
HEMT  structures  with  different  In-content  in  the  channel  and  the  barriers  (QW  thickness:  12  nm) 


Sample 

LM 

PM 

PM 

ss 

SS 

PM 

SS 

PM 

SS 

ssd 

ssd 

ssd 

ssd 

ssd 

ssd 

ssd 

dsd 

dsd 

M5406 

M5407 

M5408 

M5420 

M5421 

M5409 

M5424 

M5410 

M5425 

X  (lUxGai.xAs)  QW 

0.53 

0.67 

0.74 

0.67 

0.74 

0.74 

0.74 

0.74 

0.74 

y  (InyAfi.yAs)  Barrier 

0.52 

0.52 

0.52 

0.45 

0.415 

0.52 

0.415 

0.52 

0.415 

doping  Nj)  [10^^  cm'^] 

1.0 

1.0 

1.0 

1.0 

1.0 

1.5 

1.5 

1.0 

1.5 

HHall(300K)  [CHINA'S] 

9420 

11390 

12220 

11040 

12150 

11090 

11150 

7450 

7640 

iiHaiiOOOK) 

3.16 

3.36 

3.49 

3.72 

3.82 

4.22 

4.56 

6.58 

7.67 

^lHaIla7K)  [CHINA'S] 

30960 

43000 

50220 

43150 

50070 

40700 

46860 

14160 

16280 

nHall(77K)  [10' W] 

3.03 

3.21 

3.35 

3.53 

3.67 

4.05 

4.25 

6.55 

7.31 

HHaii(4.2K)  [cm^A/s] 

33540 

54940 

62930 

46820 

- 

54970 

51080 

16230 

15060 

nHaii(4.2K)  [lO'^cin-7] 

2.79 

2.97 

3.18 

3.79 

- 

3.64 

4.30 

6.07 

6.92 

ni,sdH(4.2K)  [lO'^crn-^] 

2.55 

2.68 

2.74 

2.81 

. 

3.05 

3.12 

3.84 

4.15 

n2,sdH(4.2K)  [lO'^cm-^] 

0.26 

0.38 

0.45 

0.46 

- 

0.61 

0.69 

2.20 

2.55 

LM=lattice  matched  QW  and  barriers;  PM=pseudomorphic  QW;  SS=strain-symmetrized  structure 
ssd=single-sided  doping  in  top  barrier;  dsd=  double-sided  doping  in  both  barriers 
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The  transport  properties  of  all  the  HEMT  structures  investigated  in  the  course  of  this  work  are 
given  in  Table  1.  Sample  M5406  is  a  lattice  matched  reference  sample  with  the  QW  width  of 
12  nm  used  in  all  our  HEMT  structures.  The  mobilities  of  this  reference  structure  were 
measured  to  9400  cm^A^s  and  33500  cm^A^s  at  300  and  4.2  K,  respectively.  These  mobilities 
are  clearly  lower  than  those  obtained  on  lattice  matched  structures  with  32  nm  wide  QWs 
(10000  cm^A^s  and  42000  cm^A^s)  due  to  increased  interface  roughness  scattering  by  the 
bottom  barrier. 

Using  compressive  strain  only  in  the  QWs,  i.e  with  lattice  matched  barriers,  increases 
the  mobilities  with  rising  In  content  from  11400  cm^Ws  and  55000  cm^A/^s  Tor  x  =  0.67 
(sample  M5407)  to  12200  cm^A^s  and  63000  cm^A^s  for  x  =  0.74  (sample  M5408). 
Simultaneously  there  is  an  increase  in  the  4.2  K  2DEG  densities  from  2.81  x  10^^  cm  to 
3.06  X  10^^  cm'^  and  3.19  x  10^^  cm"^  (samples  M5406,  M5407  and  M5408).  SdH 
measurements  clearly  show  two  occupied  subbands  with  densities  nj  and  ti2-  The 
intersubband  separation  in  sample  M5406  was  found  to  be  108  meV  by  the  peak  separation 
in  photoluminescence,  agreeing  well  with  the  observed  values  of  n^  and  n.2  using  the 
calculated  density  of  states. 

On  increasing  the  doping  level  to  1.5  x  10^^  cm'^  in  the  supply  layer,  the  total  2DEG 
density  reaches  3.66  x  10^^  cm'^,  while  still  maintaining  a  4.2  K  mobility  of  55000  cm^Ws 
(sample  M5409,  lattice  matched  barriers,  single-sided  doping).  Using  InyAli.yAs  barriers 
under  tensile  strain  increases  the  carrier  density  even  further.  Sample  M5424  is 
strain-symmetrized  with  x  =  0.74  in  the  QW  and  y  =  0.415  in  the  barriers,  showing  a  total 
2DEG  density  of  3.81  x  10^^  cm'^  at  4.2  K.  The  mobilities  are  practically  unchanged  (see 
Table  I). 

A  further  increase  of  the  In  content  in  the  QW  to  x  =  0.78  with  a  corresponding 
decrease  in  the  barrier  to  x  =  0.34,  however,  resulted  in  a  drastic  decrease  in  mobility  due  to 


Figure  3;  a)  Shubnikov-de  Haas  measurement  on  a  strain-symmetrized  HEMT  structure  with  double-sided 
doping  (sample  M5425);  b)  Fourier  transformation  of  R^x- 
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relaxation  and  the  formation  of  misfit  dislocations.  Whereas  it  has  been  reported  [8]  that  the 
critical  In  content  of  strained  InGaAs  QWs  could  be  increased  by  the  insertion  of  stress 
compensating  layers,  our  results  show  that,  under  our  growth  conditions,  the  maximum  In 
content  is  the  same  in  pseudomorphic  and  strain-symmetrized  structures. 

Extremely  high  2DEG  densities  were,  however,  obtained  using  double-sided  doping 
from  both  -  top  and  bottom  -  barriers.  Total  2DEG  densities  as  high  as  6.04  x  10^^  cm'^  and 
6.70  X  10^^  cm‘^  were  found  by  SdH  measurements  at  4.2  K  in  samples  M5410  and  M5425, 
respectively.  The  first  sample  is  doped  to  1.0  x  10^^  cm‘^  in  the  supply  layer  with  a  bottom 
spacer  of  4  nm,  the  corresponding  values  for  the  latter  are  1.5  x  10^^  cm'^  and  6  nm.  These 
2DEG  densities  are,  to  our  knowledge,  the  highest  ever  reported  for  InGaAs/InAlAs  HEMTs. 
The  marked  reduction  in  mobility  of  double-sided  doped  structures  in  comparison  to 
single-sided  doping  is  due  to  Si  segregation  towards  the  channel  [14].  So,  for  example  in 
structure  M5425  we  found  mobilities  of  7600  cm^/Vs  and  15100  cm^Ws  at  300  and  4.2  K, 
respectively.  In  spite  of  the  low  mobility  and  considerable  parallel  conduction  in  the  cap  layer 
we  were  able  to  determine  clearly  the  separate  densities  of  the  two  occupied  subbands  by  SdH 
measurements  and  Fourier  transformation,  as  shown  in  Fig.  3.  This  analysis  yields  densities 
of  4.15  and  2.55  x  10^^  cm‘^  for  the  first  and  the  second  subband  in  the  QW. 


4,  High  electron  mobility  transistors 

HEMT  devices  with  a  gate  length  of  0.13  |im  were  fabricated  from  sample  M5406  -  M5408, 
using  e-beam  lithography  and  wet  chemical  selective  gate  recess  with  succinic  acid.  The 
increasing  In  content  from  x  =  0.53  to  0.74  in  the  active  QW  (the  barriers  of  these  samples 
were  lattice  matched  to  the  InP  substrate)  resulted  in  an  increase  in  the  extrinsic 
transconductance  from  670  mS/mm  to  1150  mS/mm,  with  a  concurrent  increase  in  the 
intrinsic  values  from  1000  mS/mm  to  1600  mS/mm.  The  cut-off  frequencies  for  the  current 
gain  were  measured  to  200  -  220  GHz  for  all  devices. 


5.  Summary 

Single-sided  doped  strain-symmetrized  Inoj4Gao  26As/Ino.4i5Alo.585As  HEMT  structures 
showed  2DEG  densities  as  high  as  3.81  x  10^^  cm‘^  and  mobilities  of  51100  cm^Ws  at  4.2  K. 
Extremely  high  2DEG  densities  of  6.70  x  10^^  cm‘^  were  obtained  using  double-sided  doping 
from  both  barriers.  XRD  of  strain-symmetrized  MQW  structures  showed  that  the  segregation 
of  In  at  the  interfaces  was  significantly  suppressed  by  strain-symmetrization. 
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Abstract.  The  double  barrier  resonant  tunnelling  diode  has  demonstrated  the  ability  to  produce  power 
in  the  terahertz  frequency  region.  This  paper  discusses  device  structures  and  circuit  designs  for 
combining  a  number  of  diodes  in  wave-guide  so  as  to  increase  the  power  available  at  W-band  (75  - 
110  GHz).  The  devices  are  based  on  the  GaAs/AlAs  material  system  and  have  a  planar 
configuration.  Power  is  coupled  into  the  wave-guide  via  an  antenna  structure  connected  to  the 
devices.  It  is  shown  that  owing  to  improved  coupling  the  power  available  from  two  devices  is  greater 
than  the  sum  of  the  individual  powers. 


1.  Introduction 


Figure  1  Planar  DBRTD 


Practical  solid  state  sources  developing  power  at  frequencies  much  above  100  GHz  at  room 
temperature  are  currently  non  existent  and  this  is  one  of  the  reasons  why  there  is  no  large  scale 
commercial  exploitation  of  this  part  of  the  electromagnetic  spectrum.  The  sources  that  do  exist 
are  either  based  on  vacuum  tube  technology  and  are  consequently  bulky,  fragile  and  require  large 
and  expensive  power  supplies  or,  if  solid  state,  require  cryogenic  cooling  [1].  The  applications 
where  such  devices  can  be  employed  have  therefore  tended  to  be  where  cost  is  not  a  primary 
constraint,  such  as  in  astronomy.  A  solid  state  device  capable  of  producing  around  0.1  mW  of 
power  at  terahertz  frequencies  would  open  up  this  part  of  the  electromagnetic  spectrum  to  other 
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applications  such  as  local  area  networks,  high  bandwidth  communications,  intelligent  highway 
and  aids  to  the  disabled.  An  ideal  solution  would  be  an  integrated  technology  [2]  containir 
sources  and  other  circuit  components  on  a  single  chip. 


While  integrated  circuits  based  on  three-terminal  devices  are  being  developed  to  operate 
frequencies  up  to  140  GHz  and  IMP  ATT  diodes  operating  in  harmonic  mode  at  200  GHz  a 
available,  the  only  other  solid  state  source  that  will  produce  fundamental  power  at  teraher 
frequencies  is  the  double  barrier  resonant  tunnelling  diode  (DBRTD).  This  device,  first  suggests 
by  Esaki  in  1961  but  realised  in  practice  only  in  the  last  few  years,  has  been  shown  to  opera 
at  over  700  GHz  [3]  and  theoretical  projections  suggest  it  should  be  able  to  produce  oscillatior 
above  1  THz  [4].  The  device  has  thus  lived  up  to  expectations  in  terms  of  frequency  of  operatic 
but  only  modest  powers  have  been  developed  -  typically  falling  from  20  mW  at  2  GHz  (usir 
AlAs/InGaAs)  [5]  down  to  0.3  pW  at  712  GHz  (using  InAs/AlSb)  [3].  An  encouragir 
observation  [3]  is  that  a  50%  DC  to  RE  conversion  gain  has  been  observed  at  2  GHz  [5]  - 
figure  that  has  not  been  approached  in  other  two  terminal  devices  such  as  IMPATTs  and  TED 
Owing  to  technological  difficulties,  such  as  contacting  the  device  and  problems  of  device/circu 
matching,  it  is  believed  that  the  powers  so  far  obtained  from  DBRTD  circuits  are  still  well  belo 
what  can  be  expected.  The  purpose  of  the  work  described  here  is  therefore  to  develop  tl 
DBRTD  structure  to  increase  the  power  generation,  to  improve  the  device  match  to  the  circi 
to  optimise  the  power  extracted  and  to  investigate  circuit  techniques  for  combining  the  pow 
from  a  number  of  devices  to  a  useable  level. 


2.  The  Devices 
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400nm  GoAs  2£17/cm3 
lum  GoAs  2E18/cm3 
S.l.  Substrate 


Figure  2  Layer  structure. 


Figure  3  I-V  Characteristic 


The  planar  devices  shown  in  figure  1  are  fabricated  from  the  GaAs/AlAs  layer  structure  sho^ 
in  figure  2.  The  layer  structure  has  been  designed  both  to  maximise  the  peak-to- valley  currt 
ratio  and  to  extend  the  negative  differential  resistance  region  over  as  large  a  voltage  range 
possible.  This  is  achieved  by  inclusion  of  the  400  nm  layer  on  the  collector  side  of  the  doul 
barrier.  The  DC  current- voltage  characteristics  for  the  30  pm'  device  of  figure  1  are  shown 
figure  3  where  the  peak-to-valley  ratio  is  seen  to  be  2:1  with  a  separation  of  600  mV.  Frc 
simple  theory  with  optimum  matching  to  the  high  frequency  circuit  this  device  should  be  capal 
of  producing  approximately  1  mW,  providing  the  effects  of  the  parasitics  associated  with 
device  are  negligible  at  frequency  of  interest. 
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Figure  4  shows  a  typical  planar  device/anterma  structure  used  to  couple  the  power  into  the  wave¬ 
guide.  The  antenna  is  deposited  on  a  GaAs  substrate  with  the  DBRTD  mounted  adjacent  to  it 
and  just  below  the  W-band  wave-guide  slot.  Details  of  a  similar  arrangement  using  whisker- 
contacted  devices  have  been  discussed  elsewhere  [6];  some  results  of  this  work  are  presented 
below  for  comparison  purposes. 


Figure  4  Device/antenna  mounted  in  W-band 
wave-guide 


3.  Results 

Figure  5a  shows  the  spectrum  of  the  signal  generated  by  a  single  planar  device  mounted  in  the 
wave-guide.  As  can  be  seen  the  maximum  power  is  1.3  pW  at  77  GHz.  Figure  5b  shows  a 
comparable  spectrum  for  two  devices  mounted  in  the  waveguide  where  the  power  developed  is 
4  pW.  The  equivalent  spectra  for  whiskered  devices  [6]  are  shown  in  figures  6a  and  6b  which 
indicate  output  powers  of  2.6  pW  and  12.6  pW  respectively. 

4.  Discussion  and  Conclusion 

Figure  5b  shows  that  the  power  from  two  DBRTD  planar  devices  operating  at  W-band  can  be 
combined  to  gain  extra  power.  The  combining  action  can  be  accomplished  over  a  frequency 
range  of  at  least  600  MHz  by  control  of  the  individual  bias  voltages.  The  matching  of  the 
devices  into  the  wave-guide  by  means  of  the  antenna  structure  is  crucial  to  obtaining  power 
combining  of  these  planar  devices.  In  this  work  a  number  of  different  geometries  have  been 
investigated;  the  best  observed  output  corresponds  to  less  than  1%  of  what  is  theoretically 
possible  so  that  mueh  further  optimisation  is  required. 

The  spectrum  shown  in  figure  6b  is  similarly  obtained  when  the  DC  bias  to  the  two  whiskered 
devices  is  individually  adjusted  to  bring  the  signals  together  so  that  they  injection-lock  over  a 
frequency  range  of  ±300  MHz.  It  is  again  noted  that  the  combined  power  from  the  two  devices 
operating  together  is  12.6  pW  i.e  more  than  twice  that  produced  by  the  devices  operating 
individually.  Although  the  whiskered  device  circuits  in  this  case  give  rather  better  individual 
and  power-combined  performance,  planar  circuits  discussed  offer  many  advantages  in  that  they 
can  be  scaled  down  for  operation  at  higher  frequencies.  At  such  frequencies,  because  of  the 
smaller  dimensions,  it  is  easier  to  fabricate  devices  and  antennas  in  an  integrated  structure  using 
a  planar  geometry. 
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Abstract.  We  report  here  the  use  of  selective  molecular  beam  epitaxy  to 
produce  microwave  circuits  that  monolithically  integrate  multiple  device 
technologies  on  the  same  chip.  We  have  recently  achieved  several  unique 
multifunction  technology  mixes  using  selective  MBE.  These  include  npn- 
pnp  complementary  HBT  circuits  such  as  push-pull  amplifiers,  and 
monolithic  microwave  HEMT-HBT  integrated  circuits  such  as  5-10  GHz 
HBT-regulated  HEMT  low-noise  amplifiers. 


1.  Introduction 

The  integration  of  multiple  device  technologies  on  the  same  GaAs  substrate  is  very 
attiactive  for  multifunction  microwave  integrated  circuits.  The  monolithic  integration 
of  npn  and  pnp  heterojunction  bipolar  transistors  (HBTs)  allows  complementary 
HBT  circuits  with  improved  efficiency  and  reduced  power  consumption.  Active  pnp 
loads  can  replace  load  resistors  in  HBT  amplifier  gain  stages,  reducing  the  required 
voltage  supply.  Push-pull  amplifiers  can  be  fabricated  using  complementary  HBTs 
without  the  need  for  complex  transformer  circuits  to  implement  180°  baluns.  The 
monolithic  integration  of  high  electron  mobility  transistors  (HEMTs)  and  HBTs 
allows  high  performance  microwave  circuits  that  combine  the  high  frequency  and 
low  noise  performance  of  HEMTs  with  the  high  linearity  and  low  phase  noise 
performance  of  HBTs. 

Previous  attempts  at  monolithic  integration  of  HBTs  with  field-effect 
transistors  have  relied  upon  stacked  epitaxial  structures  with  the  FET  merged  into  the 
HBT  collector  [1]  or  emitter  [2],  or  by  using  AlGaAs  overgrowth  combined  with 
beryllium  implantaion  [3].  We  have  applied  the  selective  molecular  beam  epitaxy 
technique  to  both  npn-pnp  HBT  integration  [4]  and  HEMT-HBT  integration  [5]. 
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Polycrystalline  HEMT 


(a.)  (b.)  (c.) 

Figure  1.  Selective  MBE  process  flow  schematic  to  achieve  HEMT-HBT  inetgration. 


2.  Fabrication 

The  selective  MBE  techniques  described  here  are  based  on  the  conceptually  simple 
use  of  silicon  nitiide  definition  and  patterning  of  a  previously  grown  epitaxial  layer. 
The  process  used  for  HEMT-HBT  material  integration  is  shown  in  Figure  1.  The  npn 
GaAs-AlGaAs  HBT  structure  is  grown  first.  The  wafer  is  removed  from  the  MBE 
system  and  patterned  with  silicon  nitride  deposited  by  plasma-enhanced  chemical 
vapor  deposition.  The  silicon  nitride  and  the  HBT  layer  are  etched  to  form  HBT 
islands,  and  the  next  epitaxial  layer  is  deposited.  This  layer  can  be  a  pnp  HBT  for 
complementary  HBT  integration,  or  HEMT  for  HEMT-HBT  integration.  Key  to  the 
success  of  this  technique  is  the  stability  of  the  first  layer  when  subjected  to  the 
thermal  cycling  associated  with  the  regrowth  process.  We  have  found  that  HBTs 
optimized  for  high  reliability  [6]  can  survive  the  600°C  temperatures  required  for  the 
regrowth  process.  However,  pseudomorphic  InGaAs  HEMTs  are  subject  to  channel 
degredation  when  exposed  to  temperatures  above  600°C  [7],  therefore  the  HBT 
layers  are  grown  first. 

Seperate  merged  processing  flows  were  developed  to  allow  the  fabrication  of 
the  complementary  HBTs  or  the  HEMT-HBT  integrated  circuits  without  degrading 
the  discrete  device  performance  of  either  profile.  In  both  the  npn-pnp  HBT  and 
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Figure  2.  Profile  schematic  of  monolithically  integrated  HEMT  and  HBT  devices. 
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HEMT-HBT  integration  cases  the  additional  process  steps  are  minimized  by  using 
common  ohmic  metals  and  annealing  steps  wherever  practical.  In  general,  the 
additional  complexity  associated  with  the  merged  process  flow  is  limited  to  less  than 
three  additonal  masks  levels,  including  the  original  silicon  nitride  mask  step.  The  0.2 
p,m  HEMT  gate  is  written  by  electron  beam  lithography,  The  HEMT  surface  is  not 
affected  by  the  selective  MBE  process,  and  we  have  found  no  degradation  in  the 
quality  of  the  gate  lithography  due  to  the  additional  MBE  growth  steps.  The  devices 
are  isolated  within  each  island  using  oxygen  ion  implantation. 


3.  Device  and  circuit  results. 

In  general  the  dc  and  microwave  performance  of  discrete  HBTs  and  HEMTs  in  both 
the  complementary  npn-pnp  HBT  and  HEMT-HBT  integration  are  equivalent  to  that 
achieved  using  our  baseline  single-technology  process.  The  amount  of  base-dopant 
diffusion  in  the  npn  HBT  during  the  HEMT  regrowth  is  estimated  to  be  about  25A, 
in  agreement  with  a  600°C  beryllium  diffusion  coefficient  of  2. 6x10“ cm^/s. 

The  dc  chaiacteristics  of  devices  res  king  from  the  HEMT-HBT  integration  are 
shown  in  Figure  3.  I-V  curves  for  a  2x10  ^im^  HBT  is  shown  in  Figure  3(a).  The 
device  breakdown  BVceo  is  greter  than  lOV,  Early  voltage  is  greater  than  500V,  and 
B>50  for  Ic~4  mA.  I-V  curves  for  a  2-finger  80p,m  gate-width  0.2  pm  gate-length 
HEMT  device  are  shown  in  Figure  3(b).  Transconductance  is  typical  at  600  mS/mm 
and  maximum  drain  cuiTent  is  -600  mA/mm.  Microwave  performance  is  similiarly 
unaffected  with  IT  =  22  and  70  GHz  for  the  HBT  and,  HEMT  devices,  respectively. 


VcE  (Volts) 


Vqs  (Volts) 


Figure  3.  Cunent-voltage  characteristics  of  monolithically  integrated 
(a.)  GaAs-AlGaAs  HBT  and  (b.)  InGaAs-GaAs  pseudomorphic  HEMT. 
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Figure  4.  (a)  Circuit  diagram  and  (b)  voltage  transfer  curve  of 
basic  complementary  npn-pnp  HBT  push-pull  amplifier. 

The  circuit  and  performance  of  a  complementary  HBT  push-pull  amplifier  aie 
shown  in  Figure  4.  The  saturated  output  power  is  11  dBm  at  2.5  GHz  with  a  total 
power  dissipation  of  180  mW.  This  is  the  first  demonstration  of  an  MBE-grown 
monolithic  push-pull  complementary  HBT  amplifier.  [8] 

In  conclusion,  we  have  demonstrated  the  feasibility  of  using  selective  MBE  to 
fabricate  npn-pnp  HBT  and  HEMT-HBT  monolithic  microwave  integrated  circuits. 
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Abstract. 

GaAs  pseudomorphic  HEMTs  with  a  gatelength  of  0.25  /im  were  iifted-off 
from  the  GaAs  substrate  and  attached  to  a  MgO-substrate.  Only  minor  dif¬ 
ferences  were  observed  in  the  DC  and  RF  characteristics  before  and  after  the 
epitaxial  lift-off  (ELO).  A  high  extrinsic  transition  frequency  (95  GHz)  and  a 
slightly  higher  microwave  gain  (MAG=16dB  @  12GHz)  were  measured  after 
transplantation.  Also  typical  noise  characteristics  were  measured  (NFmin  = 
0.9dB  @  12  GHz),  indicating  that  the  high  frequency  noise  was  not  affected 
by  the  ELO. 


1.  Introduction 

Ever  since  the  development  of  commercially  viable  products  based  on  Silicon,  III-V  or 
any  other  materials  technology,  there  has  been  a  movement  and  a  need  to  integrate  the 
respective  technologies  to  enhance  and  complement  their  relative  strengths  and  weak¬ 
nesses.  Recently,  the  epitaxial  lift-off  (ELO)  and  trrmsplantation  of  GaAs  based  FETs 
has  gained  a  lot  of  attention  as  a  cost-effective  way  to  integrate  in  a  planar  process  GaAs 
microwave  MESFETs  and  HEMTs  and  other  components  based  on  different  materials. 

In  the  ELO-process,  a  sacrificial  AlAs  layer,  buried  between  the  GaAs  substrate 
and  the  active  device  layer,  is  etched  away  using  an  extremely  selective  HF:DI  (1:10) 
solution,  leaving  a  very  thin  film  (0,5  -  4  /^m),  which  can  then  be  transferred  to  a  new 
host  substrate,  as  was  first  demonstrated  for  GaAs  solar  cells  in  the  late  70’s  by  Konagai 
et  al  [1].  Since  then,  the  ELO-step  has  been  further  optimised  and  demonstrated  both 
for  optoelectronic  devices  and  for  MESFETs  and  HEMTs  [2,  3]. 

Recently,  Young  et  al.[4]  studied  the  effect  of  the  ELO-step  on  the  RF  properties 
of  conventional  and  pseudomorphic  HEMTs  and  measured  a  consistent  increase  of  12  - 
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20%  in  the  cut-ofF  frequency  /t  for  lifted-off  HEMTs  with  gatelengths  varying  between 
0.8  and  1.2  fim.  This  change  in  fr  was  attributed  to  an  increase  in  the  confined  2-DEG 
carrier  concentration  presumably  caused  by  backgating  effects  [5]. 


2.  Device  fabrication 

In  our  study,  shorter  devices  with  gatelengths  between  0.25  and  1.0  //m  were  fabri¬ 
cated  on  a  epitaxial  layer  consisting  of  a  GaAs  caplayer  (40nm,  5.10^*cm^),  a  n~ 
AlQ.25Gao.75As  Schottky  layer  (30nm,  h.lO^^cm^),  a  Si  <^-doping  of  (S.lO^^cm^),  a  5nm 
undoped  ^4/0.25^^00.75^5  spacer  layer  and  a  13  nm  In0.2Ga0.sAs  channel  grown  on  top 
of  an  undoped  GaAs  buffer  with  a  50  nm  AlAs  release  layer  buried  2  fim  below  the 
hetero junction.  Devices  were  fabricated  using  our  standard  PHEMT  technology.  [6]. 
Additionally,  the  HEMT  devices  were  passivated  using  a  PECVD  deposited  silicon  ni¬ 
tride  to  protect  the  gate  area.  After  passivation,  the  devices  were  fully  DC  and  RF 
characterised. 

Before  performing  ELO,  the  frontside  of  the  wafer  was  coated  with  wax.  After  un¬ 
deretching  the  AlAs  in  HF:DI  (1:5)  ,  the  devices  were  transferred  to  the  MgO-substrate. 
As  an  interlayer  between  the  MgO  and  the  GaAs  HEMT,  a  300nm  polyimide  layer  was 
used  to  planarize  the  MgO  substrate  and  to  form  a  good  interlayer  for  the  thin  film 
adhesion.  This  thickness  is  a  good  compromise  between  planarisation  and  heat  sinking. 
To  enhance  process  control  and  cleanliness,  the  ELO  etching  and  subsequent  transfer 
and  deposition  were  performed  ’’under  water” [7].  Using  an  optical  alignment  procedure, 
a  deposition  accuracy  of  5  /xm  can  be  achieved. 


3.  Experimental  results  and  discussion 

Different  DC-  and  RF  characteristics  were  measured  before  and  after  the  ELO- 
step.  As  shown  in  fig.  1,  the  transplantation  causes  a  small  positive  shift  in  the  threshold 


Figure  1.  Vr-shift  after  ELO,  as  a  function  of  the  gatelength 
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frequency  [GHz] 


Figure  2.  Measured  /i2i-characteristics  of  a  0.25//m  PHEMT  before  (O  up 
to  25  GHz)  and  after  (x  up  to  67  GHz)  the  ELO-step 


voltage  Vt.  This  shift  is  dependent  on  the  gatelength  of  the  device,  the  threshold  voltage 
of  short  devices  however  is  not  affected  by  the  transplantation. 

The  same  applies  to  both  the  DC-  and  HF-transconductance  gm‘.  for  devices  with 
a  gatelength  of  1  //m,  a  10%  increase  of  the  transconductance  is  measured,  a  value 
comparable  with  the  enhancement  reported  by  Young  [4].  For  devices  with  shorter  gates 
however,  no  real  improvement  is  observed,  which  is  an  indication  that  the  enhancement 
in  Qm  is  indeed  caused  by  a  higher  confined  carrier  concentration  n^o,  because  this  will 
affect  especially  the  Qm  of  devices  with  longer  gate  lenghts,  according  to  formula  (1): 


L  (l  -f  {qfxrisod^j s ! evsiy 


In  this  formula  //  is  the  electron  mobility,  L  the  gate  length,  the  effective  2- 
DEG  to  gate  separation  and  Vs  the  carrier  velocity.  As  can  be  seen  from  the  formula, 
the  Qm  of  shorter  gate  devices  is  less  sensitive  to  a  change  in  the  carrier  concentration. 


The  /i2i -characteristics  before  and  after  ELO  are  compared  in  fig.  2.  Again,  no 
substantial  degradation  nor  improvement  can  be  noticed  for  the  /t- value  of  the  0.25/im 
PHEMTs  after  the  transplantation.  The  measured  extrinsic  /t,  including  all  parasitics, 
is  95  GHz  for  a  150/im  wide  device.  This  is  to  our  knowledge,  the  highest  /T-value 
reported  for  a  FET  after  transplantation  to  another  substrate. 


When  comparing  the  small-signal  parameters,  extracted  before  and  after  ELO,  a 
small  (5-10%)  reduction  of  the  output  conductance  gda  is  found  for  the  0.25/^m  PHEMTs, 
presumably  due  to  a  better  carrier  confinement.  This  reduction  in  gds  causes  a  small 
increase  of  the  microwave  gain  as  plotted  in  fig.  3. 


After  ELO,  the  thermal  noise  of  different  devices  was  measured.  Typical  noise 
characteristics  were  measured:  a  minimal  noise  figure  NFmin  of  0.9dB  at  12  GHz  with 
an  associated  gain  of  lldB,  indicating  that  the  high  frequency  noise  was  not  affected  by 


the  ELO. 
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Figure  3.  Measured  Maximal  Available  Gain  (MAG)  of  a  0.25//m  PHEMT 
before  (O  up  to  25  GHz)  and  after  (x  up  to  67  GHz)  the  ELO-step 


4.  Conclusions 

We  demonstrated  the  succesfull  lift-off  of  high-performant  pseudomorphic  HEMTs.  No 
real  degradation  nor  improvement  of  the  HE-  and  noise  characteristics  was  observed 
after  ELO,  indicating  the  potential  of  ELO-integration  as  an  attractive  alternative  for 
bonding  in  millimetre  wave  systems. 
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Abstract:  We  report  the  development  of  a  novel,  high-performance  doped- 
channel  he tero junction  FET  which  incorporates  a  pseudomorphic,  undoped  InAs 
layer  into  the  center  of  the  uniformly-doped  channel.  Low-field  mobility,  peak 
electron  velocity,  and  transistor  performance  have  been  studied  as  a  function 
of  InAs  thickness.  An  optimal  thickness  of  30  A  significantly  reduces  ionized 
impurity  scattering  and  enhances  electron  transport  at  all  fields.  Transistors 
based  on  the  InAs  quantum- well  structures  with  0.5//m  gates  yielded  record  (for 
doped-channel  devices)  room  temperature  extrinsic  transconductances  of  708 
mS/mm;  more  than  a  100%  increase  over  the  control  samples  with  no  InAs. 

1.  Introduction: 

The  InGaAs/AlInAs  material  system  is  well  suited  for  high  performance  transistor  fab¬ 
rication  due  to  its  high  electron  mobilities,  high  peak  electron  velocity,  large  P-L  valley 
separation,  and  large  conduction  band  discontinuity  at  the  heterojunction.  Pseudomorphic 
InGaAs/AlInAs  MODFETs  grown  on  InP  currently  hold  most  FET  performance  records 
[1].  Modulation-doped  structures  are,  however,  limited  in  the  number  of  carriers  that  can 
be  transferred  away  from  the  donors,  across  the  potential  barrier,  and  into  the  channel.  The 
gate  voltage  swing  in  MODFETs  is  also  limited  due  to  the  formation  of  a  parasitic  MES- 
FET  in  the  AlInAs  layer  under  positive  bias  conditions.  Additionally,  MODFETs  suffer  from 
trapping  problems  associated  with  doping  the  AlInAs  layer  [2,3].  These  problems  can  be 
minimized  by  introducing  the  dopants  directly  into  the  channel.  The  drawback  of  doping  the 
channel  is  a  reduction  in  low-field  electron  mobilities.  However,  the  importance  of  low-field 
mobility  is  expected  to  be  minimized  as  device  gate  lengths  shrink  into  the  deep-sub  micron 
regime  and  more  of  the  channel  is  in  the  high-field  transport  regime  [4].  At  high  fields, 
the  effectiveness  of  ionized  impurity  scattering  is  reduced  and  phonon  emission  becomes  the 
dominant  scattering  mechanism. 

Although  doped  channel  FETs  have  been  fabricated  with  good  results  [5-8],  a  systematic 
study  and  optimization  of  design  is  needed  for  a  better  understanding  of  device  operation. 
Our  previous  studies  of  DCHFETs  grown  lattice  matched  to  InP  showed  that  a  300  A 
quantum  well  channel,  either  uniformly  or  center  J-doped,  is  the  optimum  size  for  both 
transport  and  transistor  performance  [9].  In  the  present  work,  a  300  A  uniformly-doped 
quantum  well  channel  transistor  is  developed  with  a  thin  layer  of  undoped  InAs  inserted 
into  the  center  of  the  channel.  The  operation  of  this  device  is  examined,  and  the  concept  of 
quasi- modulation  doping  is  developed. 

Increasing  the  In  mole  fraction  in  the  channel  simultaneously  decreases  the  electron  ef¬ 
fective  mass  while  improving  carrier  confinement.  Furthermore,  by  selectively  introducing 
excess  In  into  the  channel,  the  wavefunction  of  the  electrons  can  be  shifted  away  from  the 
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position  of  the  dopants.  The  reduced  overlap  between  the  electronic  wavefunction  and  the 
parent  donors  causes  a  reduction  in  ionized  impurity  scattering,  thereby  enhancing  transport 
and  essentially  creating  a  quasi-modulation  doped  structure. 

2.  Experimental  Techniques; 

All  structures  in  this  study  were 
grown  on  InP:Fe  substrates  using 
gas-source  MBE.  Prior  to  growth,  the 
native  oxide  was  desorbed  under  a 
phosphorus  flux  to  maintain  surface 
stoichiometry.  The  composition  of 
the  layers  was  calibrated  using  x- 
ray  analysis.  Typical  FWHM  val¬ 
ues  are  20  arc  seconds  for  the  epi¬ 
taxial  layers  and  13  arc  seconds  for 
the  InP  substrate.  As  shown  in  Fig¬ 
ure  1,  growth  begins  with  a  400  A 
AlInAs  buffer  layer.  A  thickness  of 
400  A  provides  good  carrier  confine¬ 
ment  while  minimizing  layer  thick¬ 
ness.  Next,  a  300  A,  uniformly- 
doped  (doping  concentration  of  8  x 
10^ w-IriQ.^zGaoAi^s  conduct¬ 
ing  channel  was  grown.  The  re¬ 
sulting  sheet  carrier  concentration  is  .|  Q^^gg  section  of  the  structures  used  to  study 

2.44  X  lO^^cm  .  Inserted  into  the  electron  transport  and  to  fabricate  both  micror 

center  of  the  conducting  channel  is  an  and  sub-micron  FETs. 

undoped  InAs  layer  with  thickness 

ranging  from  0  to  40  A  in  10  A  increments.  Next,  a  250  A  A/o.49-f’^o.5i^'5  gate  layer  was 
grown  to  facilitate  Schottky  barrier  formation.  The  final  layer  is  50  A  of  n-|-  InGaAs  to 
facilitate  ohmic  contact  formation. 

Electron  transport  in  the  structures  was  characterized  using  low-field  mobility  measure¬ 
ments  and  microwave-heated  carrier  measurements.  Low-field  mobilities  were  measured  as 
a  function  of  temperature  using  the  Hall  effect  measurement  technique  in  the  van  der  Pauw 
geometry.  At  higher  electric  fields,  domain  formation  prevents  accurate  measurement  oi 
electron  velocities  using  dc  techniques.  We  therefore  utilized  a  microwave-heated  carriei 
technique  that  uses  a  large,  35 GHz  sinusoidal  field  superimposed  on  a  comparatively  smal 
dc  field  to  measure  electron  velocities  at  high  fields.  The  ac-field  serves  only  to  heat  the  car¬ 
riers  while  the  dc-field  drifts  them.  The  measured  dc  conductivity  as  a  function  of  appliec 
ac  field  uniquely  determines  the  electron  velocity-field  relationship  [10]. 

Transistors  with  gate-lengths  of  1.8  and  0.5^m  were  fabricated  using  optical  and  electron- 
beam  lithography  respectively.  AuGe  based  ohmics  were  first  deposited,  iifted-off,  and  ther 
annealed.  To  prevent  lateral  diffusion  of  the  ohmic  contacts  in  multi-layered  structures 
an  optimized  gradual,  low- temperature  alloying  cycle  was  developed  [11].  Typical  contaci 
resistances  of  O.iri-mm  with  no  detectable  lateral  diffusion  and  excellent  surface  morpholog} 


50  A  n-f-  InGaAs 
250  A  Undoped  AlInAs 
150  A  n-InGaAs  (y=0.53) 
Undoped  InAs  (0  to  40  A) 
150  An-InGaAs  (y=0.53) 


400  A  Undoped  AlInAs 


S.l.  InP  Substrate 
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were  obtained.  Next,  mesa  isolation  was  achieved  using  H^PO^  :  H2O2  :  H2O  (1:1:38)  wet- 
chemical  etching.  The  gate  fabrication  process  begins  by  removing  the  n+  InGaAs  ohmic 
layer  in  the  gate  region  using  a  selective  citric  acid  etch  [12].  Finally,  Ti/Pt/Au  gates  were 
deposited  and  lifted-off. 

3.  Experimental  Results: 

Low-field  mobilities  were  measured 
in  the  device  structures  at  temper¬ 
atures  ranging  from  12  to  300K.  Fig¬ 
ure  2  shows  that  the  addition  of 
a  thin  InAs  layer  into  the  channel 
causes  an  increase  in  mobility.  Room 
temperature  mobilities  reach  a  peak 
value  of  5329  crrP/Vs  for  the  30  A 
InAs  sample:  a  31%  increase  over  the 
control  sample  (0  A  of  InAs).  The 
mobility  of  the  sample  with  40  A  of 
InAs  decreased  to  3453  err?  jV s  indi¬ 
cating  that  the  critical  thickness  for 
InAs  in  InGaAs  is  between  30  and 
40  A  of  InAs.  Beyond  this  thickness, 
strain  is  accommodated  by  the  for¬ 
mation  of  dislocations  which  impede 
electron  transport.  A  critical  thick¬ 
ness  of  30  A  is  in  agreement  with  that 
measured  by  Eugster  [13]  and  is  10 
A  less  than  that  reported  by  Akazaki 
[14]  and  Tournie  [15].  As  seen  in 

Figure  2,  the  mobility  of  the  0-A  control  sample  has  little  dependence  on  temperature.  Such  a 
flat  response  of  mobility  with  temperature  is  characteristic  of  heavily-doped  channels:  ionized 
impurity  scattering  dominates  at  low  temperatures  while  phonon  scattering  dominates  at 
higher  temperatures.  In  contrast,  we  find  that  the  mobility  of  the  30  A  InAs  sample  increases 
substantially  with  decreasing  temperature  indicating  that  ionized  impurity  scattering  plays 
a  less  important  role  in  this  structure  and  therefore,  that  this  structure  is  behaving  in  a 
quasi-modulation  doped  fashion.  While  a  30  A  well  is  too  narrow  to  allow  the  electronic 
wavefunction  to  be  bound  in  the  well,  the  data  demonstrates  that  the  overlap  of  the  electron 
wavefunction  with  the  InAs  is  sufficient  to  avoid  a  significant  portion  of  the  ionized  impurity 
scattering  in  the  InGaAs  layers. 

Measurements  at  higher  electric  fields  show  a  well  defined  peak  velocity  followed  by  a 
negative  differential  resistance  region.  Electron  velocities  at  higher  fields  also  increased  with 
increasing  InAs  thickness.  The  peak  velocity  of  the  control  sample  is  1.4  x  W cm js  and 
increases  to  1.63  x  lO^cm/s  for  the  30  A  sample.  Again,  the  velocity  of  the  40  A  structure 
decreased  to  1,35  x  lO^cm/s.  Correspondingly,  the  critical  field  (the  electric  field  where  the 
peak  velocity  occurs)  decreased  from  4.1  to  3.3  kV/cm  respectively.  These  results  are  in 


Figure  2.  Electron  mobility  measured  as  a  function  of  InAs 
thickness  and  temperature.  The  distinct  increase 
in  mobility  with  increasing  InAs  thickness  and 
decreasing  temperature  indicates  a  substantial 
reduction  in  ionized  impurity  scattering  in  these 
structures. 
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Figure  3.  Typical  output  characteristics 
of  a  doped-channel  HFET  with 
3oA  of  InAs  inserted  into  the 
center  of  the  uniformly-doped 
well. 


Gate  Voltage  (V) 

4.  Typical  transconductance  and  drain  current 
characteristics  for  a  0.5  pm  Q-MODFET  with 
30  A  of  InAs  inserted  into  the  center  of  the 
uniformly-doped  well. 


agreement  with  a  model  which  predicts  that  the  peak  velocity  is  proportional  to  and  the 
critical  field  is  proportional  to  [10]. 

With  electron  velocities  at  both  low  and  high  fields  increasing  with  increasing  InAs  thick¬ 
ness  (up  to  30  A),  we  observe  a  corresponding  improvement  in  transistor  performance.  The 
30  A  sample  displayed  the  best  results  with  an  extrinsic  transconductance  of  708  mS/mm  for 
the  0.5/im  gate-length  FETs  and  420mS/mm  for  1.8/im  FETs.  This  extrinsic  transconduc¬ 
tance  approaches  the  best  results  for  any  0.5//m  gate-length  FET  and  it  is  the  best  result  for 
any  doped-channel  FET.  By  comparison,  these  results  are  significantly  better  than  those  ob¬ 
tained  from  the  control  sample;  transconductances  of  315mS/mm  (0.5^m)  and  267mS/nim 
{1.8/im).  Peak  drain  currents  also  increased  substantially  with  increasing  InAs  concentration 
reaching  730mA/mm  {Vos  ==  =  2.5E)  for  the  30  A  sample.  At  slightly  positive 

gate  voltages,  drain  currents  of  990mA/mm  are  observed  (Vos  =  +0.41^  and  Vos  =  2.5^). 
Figures  3  and  4  show  the  output  and  transfer  characteristics  of  a  typical  transistor. 

Output  conductances  in  all  of  the  InAs-containing  FETs  are  higher  than  in  the  contro 
FET  increasing  from  16  to  37mS/mm  in  the  0.5pm  FETs.  No  dependence  of  output  con¬ 
ductance  on  InAs  thickness  was  observed  in  the  InAs  containing  structures.  Under  zero  gatf 
bias  conditions,  the  drain-source  breakdown  voltage  decreases  with  increasing  InAs  thick¬ 
ness  from  6.7  to  5.0  V  for  the  control  and  the  30  A  InAs  sample  respectively.  Drain-source 
breakdown  voltages  under  pinch-ofF  conditions  are  independent  of  InAs  thickness  and  an 
in  excess  of  12V.  The  gate-drain  breakdown  voltage  decreases  with  increasing  InAs  thick¬ 
ness  from  8.0V  to  6.5V  for  the  control  and  the  30  A  sample  respectively.  Although  it  h 
difficult  to  make  direct  device  comparisons  with  breakdown  voltages  reported  elsewhere  du( 
to  variations  in  device  geometries,  our  breakdown  voltages  are  much  greater  than  those  o 
InAs-Sb  based  FETs  (approximately  IV  for  drain-source  breakdown)  [16]  and  are  compara 
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ble  to  those  of  Bahl  [17]  [BVcjs  of  9.6V  for  InGaAs/AlInAs  HFETs  with  2/im  gate-lengths) 
and  Hwang  [18]  [BVao  of  lOV  on  quarter-micron  GaAs  FETs).  We  therefore  conclude  that 
breakdown  voltages  are  not  a  limitation  in  the  use  of  our  InAs  based  FETs. 

Based  on  transconductance  results  and  measured  gate  capacitances,  we  anticipate  ft  of 
50GHz.  Furthermore,  using  various  analytical  FET  models  which  approximate  the  velocity 
field  curve  using  a  two-piece  model  [19],  we  extract  an  average  electron  velocity  in  the  channel 
of  the  0.5/im  FETs  to  be  1.6x10^ cm/ s.  This  average  velocity  corresponds  closely  to  the  peak 
velocity  we  measure  using  the  microwave-heated  carrier  technique  indicating  that  already 
in  FETs  with  0.5/xm  gate-lengths,  a  significant  fraction  of  the  channel  electrons  travel  with 
velocities  in  excess  of  the  maximum  steady-state  velocity. 

4.  Conclusions; 

We  have  demonstrated  that  the  in¬ 
clusion  of  a  thin,  undoped  InAs 
layer  into  the  center  of  a  uniformly- 
doped  channel  reduces  ionized  im¬ 
purity  scattering  and  therefore  im¬ 
proves  electron  transport  at  all  elec¬ 
tric  fields.  The  optimal  thickness 
of  the  InAs  layer  is  30  A  for  all 
characteristics  as  shown  in  Figure 

5.  Beyond  30  A,  the  critical  thick¬ 
ness  of  the  InAs/InGaAs  system  is 
exceeded  and  the  strain  is  accom¬ 
modated  by  the  formation  of  dislo¬ 
cations  which  degrade  performance. 

The  30  A  InAs  structure  set  new  per¬ 
formance  records  for  doped-channel 
FETs.  Electron  velocities  extracted 
from  0.5/xm  transistors  indicate  that 
the  average  electron  velocity  in  the 
channel  is  the  same  as  the  steady- 
state  peak  electron  velocity  measured 
using  the  microwave-heated  carrier 
technique.  The  correlation  between 
the  average  electron  velocity  and  the  peak  velocity  demonstrates  that  the  most  important 
velocity  in  sub-micron  FETs  is  the  materials  steady-state  peak  velocity.  Low-field  mobilities 
are  indirectly  important  through  the  square-root  dependence  of  peak  velocity  on  mobility. 
These  results  indicate  that  already  in  half-micron  gate  length  FETs,  a  significant  fraction 
of  the  channel  electrons  are  traveling  with  velocities  in  excess  of  their  steady-state  peak 
velocities. 
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Abstract.  In  this  paper  we  report  on  a  study  of  metal  contacts  to  heavily  doped 
n-type  InP  layers.  We  have  achieved  very  low  specific  contact  resistances  using 
both  nonalloyed  Ti/Pt/Au  and  alloyed  AuGe/Ni/Au  contacts  to  n'^'-InP.  The  InP 
layers  were  grown  by  GSMBE  with  Si  doping  levels  of  Nq  >  6  x  10^9  cm-3  using 
SiBr4.  The  layers  exhibited  no  surface  morphology  degradation.  Average  specific 
contact  resistances  of  6.09  x  10'^  and  5.42  x  lO’^  Q-cm^  were  measured  for 
AuGe/Ni/Au  and  Ti/Pt/Au  contacts,  respectively. 


1.  Introduction 

Ohmic  contacts  to  n-type  InP  are  very  important  for  heterojunction  bipolar  transistors 
(HBTs)  and  optoelectronic  devices  based  on  this  material.  Considerable  research  has 
been  done  on  alloyed  AuGe/Ni/Au-based  contacts  to  n-InP  [1  -  6].  Reports  of  specific 
contact  resistances,  p^,  in  the  low  lO'”^  Q-cm^  range  are  common  [1  -  5],  and  Fatemi  and 
Weizer  [6]  reported  a  p^  <  2  x  lO'^  O-cm^  for  a  thin  InP/Au/Ni  contact.  However,  all  of 
these  reports  are  for  contacts  to  moderately  doped  (10^'^  -  10^8  cm-3)  n-InP. 

There  are  fewer  reports  of  ohmic,  nonalloyed  Ti/Pt/Au  contacts  to  n-InP  [7,  8].  Low 
resistance,  non-alloyed  contacts  to  n-InP  are  not  as  easily  formed  due  to  the  absence  of  an 
alloyed  dopant  (i.e.,  Ge)  and  the  inherent  Schottky  barrier  between  a  Ti/Pt/Au  contact  and 
n-InP.  Katz  et  al.  [7]  fabricated  Ti/Pt  contacts  by  rapid  thermal  annealing  to  InP  doped 
n  =  5  X  10^^  cm'3  with  p^  =  8  x  10'^  Q-cm^,  which,  to  the  best  of  our  knowledge,  is  the 
lowest  reported  contact  resistance  for  Ti/Pt/Au  nonalloyed  contacts  on  n-InP. 

For  InGaAs/InP  HBTs,  employing  a  very  heavily  doped  n-InP  emitter  contacting 
layer  would  eliminate  the  need  for  the  InGaAs  layer  that  is  generally  required  when  using 
nonalloyed  Ti/Pt/Au  contacts,  and  would  considerably  simplify  the  growth  and  fabrication  of 
these  devices.  We  have  recently  reported  on  the  heavy  doping  of  InP 
(Nd  -  Na  >  6  X  10^^  cm“3)  grown  by  GSMBE  using  SiBr4  without  surface  morphology 
degradation  [9,  10].  Nonalloyed  Ti/Pt/Au  and  alloyed  AuGe/Ni/Au  contacts  have  been 
fabricated  to  this  material.  In  this  paper,  we  report  on  the  optimization  of  the 
sintering/alloying  conditions  for  these  contacts  and  the  variation  of  pc  with  the  Si  doping 
level.  Minimum  contact  resistances  of  6.09  x  10’^  and  5.42  x  10’^  Q-cm^  have  been 
measured  for  alloyed  AuGe/Ni/Au  and  non-alloyed  Ti/Pt/Au  contacts  on  n^-InP. 


2.  Experimental  Procedure 

All  of  the  samples  used  in  this  study  were  grown  by  gas  source  molecular  beam  epitaxy 
(GSMBE).  The  growth  precursors  were  PH3  and  elemental  In.  The  doping  source  was 
SiBr4;  the  details  of  doping  with  this  source  have  been  discussed  in  references  [9]  and 
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[10].  It  has  been  shown  that  SiBr4  has  an  incorporation  efficiency  10^  times  greater  than 
Si2H6  and  has  100%  activation  up  to  [Si]  =  7  x  10^9  cm-3  in  InP  with  specular  surface 
morphology.  All  samples  used  in  this  study  were  0.25  or  0.50  [im  thick  epitaxial  layers  of 
n-type  InP  grown  on  a  semi-insulating  Fe-doped  InP  substrate. 

Contact  resistances  were  measured  using  the  transmission  line  model  (TLM) 
technique.  Rectangular  TLM  patterns  were  defined  on  all  samples  using  standard  lift-off 
lithography.  Samples  were  etched  in  1  BOE  :  1  H2O  to  remove  native  oxides  before  being 
placed  in  the  evaporator.  Contacts  composed  of  150  A  Ti  /  150  A  Pt  /  1000  A  Au  or  750  A 
AuGe  (eutectic,  12%  Ge  by  weight)  /  150  A  Ni  /  1200  A  Au  were  deposited  by  electron- 
beam  evaporation  at  a  pressure  of  8  x  10-7  Xorr.  To  prevent  current  spreading  during 
measurements,  the  TLM  patterns  were  isolated  by  etching  into  the  substrate  using  an 
HCl-based  etch.  Samples  were  then  cleaved  into  multiple  pieces  for  alloying/sintering  on  a 
hotplate  in  a  forming  gas  atmosphere  5  %  H2  in  N2).  All  of  the  TLM  patterns  used  in 
this  study  had  contacts  60  pm  wide  and  40  pm  deep  with  approximate  spacings  of  2,  4,  9, 
14,  19,  and  24  pm.  The  actual  spacings  and  mesa  widths  were  measured  on  each  sample 
with  a  scanning  electron  microscope. 

The  technique  used  to  calculate  the  specific  contact  resistance  from  the  TLM 
patterns  has  been  developed  by  several  authors  and  is  described  by  Williams  [11]. 
Measurements  were  made  using  a  four-probe  arrangement  to  eliminate  probe  and  system 
resistances.  The  resistance  was  measured  between  each  contact  in  a  TLM  paUern,  and 
these  values  were  plotted  versus  the  contact  spacing  (see  Figure  1),  A  linear  fit  to  each 
TLM  data  set  was  obtained  using  the  least-squares  technique,  and  the  fits  all  had  a 
regression  coefficient  greater  than  0.999.  From  the  slope  of  this  line,  the  sheet  resistance, 
Rs,  of  the  conductive  layer  was  calculated  from 

=  slope  X  w ,  ( 1 ) 

where  w  is  the  width  of  the  TLM  pattern.  The  y-intercept  of  the  linear  fit  is  two  times  the 
contact  resistance,  Rc,  and  the  specific  contact  resistance,  pc,  is 


3,  Results  and  Analysis 

The  alloying  time  and  temperature  for  the  AuGe/Ni/Au  contacts  and  the  sinteririg 
temperature  for  the  Ti/Pt/Au  contacts  on  the  most  heavily  doped  InP  (n  =  6.0  x  lO^^  cm’^) 
were  first  optimized.  Initial  investigation  of  the  Ti/Pt/Au  contact  resistance  versus 
sintering  time  showed  that  at  any  temperature,  the  minimum  value  was  attained  after  a 
1  min  sinter.  Specific  contact  resistance  is  plotted  in  Figure  2  for  Ti/Pt/Au  contacts  sintered 
for  1  min  at  temperatures  between  200  °C  and  350  °C.  Each  data  point  is  the  average 
contact  resistance  measured  from  three  sets  of  TLM  patterns  on  that  sample.  The  lowest 
average  contact  resistance,  Pc  =  5.42  x  lO'^  ^-cm^,  was  measured  on  a  sample  which  was 
sintered  at  320  °C.  To  the  best  of  our  knowledge,  this  is  the  lowest  specific  contact 
resistance  ever  reported  for  Ti/Pt/Au  contacts  on  n-type  InP.  Figure  1  shows  the  TLM 
data  for  the  lowest  single  measurement  from  that  sample.  The  contact  resistance 
calculated  from  these  data  was  4.63  x  10-^  G-cm^. 

The  dependence  of  the  AuGe/Ni/Au  contact  resistance  on  alloying  time  and 
temperature  is  shown  in  Figure  3.  The  temperature  was  varied  from  300  to  375  C  and 
the  samples  were  alloyed  between  1  and  10  min.  Again,  each  data  point  is  the  average 
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Figure  1.  TLM  data  for  lowest  measured  Figure  2.  Sintering  temperature  optimization 

contact  resistance  of  Ti/Pt/Au  on  InP.  for  Ti/Pt/Au  contacts  on  n+-lnP. 


contact  resistance  measured  from  three  sets  of  TLM  patterns  on  that  sample.  From  the 
data  it  appears  that  there  may  be  a  constant  time/temperature  product  which  results  in  the 
optimal  alloying  of  the  contacts  over  a  significant  temperature  range.  It  does  not  appear 
that  305  °C  is  high  enough  to  alloy  the  contact  completely.  An  alloy  time  between  3  and 
5  min  at  320  °C  provides  a  minimal  contact  resistance  while  longer  times  at  that 
temperature  appear  to  degrade  the  contact.  At  350  and  375  °C,  the  minimum  contact 
resistance  is  reached  in  less  than  a  minute  and  then  increases  rapidly.  A  3  min  alloy  at 
320  °C  was  chosen  as  the  optimal  for  this  contacting  system.  The  sample  alloyed  under 
these  conditions  had  an  average  contact  resistance  of  6.09  x  10'^  H-cm^.  Only  Fatemi  and 
Weizer  [6]  have  reported  a  lower  AuGe/Ni-based  contact  resistance:  pc  <2x  lO'^  Lt-cm^ 
for  a  thin  Au/Ni  contact. 

The  dependence  of  the  contact  resistance  on  the  doping  level  of  the  InP  was 
examined  next.  Figure  4  shows  I-V  curves  for  Ti/Pt/Au  contacts  on  InP  with  various 
n-type  doping  levels.  The  data  were  taken  by  sweeping  the  voltage  between  two  TLM 
contacts.  The  sample  carrier  concentrations  for  these  traces  are  7.5  x  lO^’^,  1.8  x  10^^, 
5.8  X  10^^,  4.0  X  1019,  and  6.0  x  10^9  cm"^.  From  these  data,  it  appears  that  only  the 
contacts  on  the  three  most  heavily  doped  samples  are  nonrectifying.  These  samples  had 
average  contact  resistances  of  5.01  x  10"^,  2.90  x  10'^,  and  5.42  x  lO'^  Ll-cm^. 


Figure  3.  Alloying  time  and  temperature 
optimization  for  AuGe/Ni/Au  on  n+-lnP 


Figure  4.  I-V  characteristics  of  Ti/Pt/Au 
contacts  on  InP  with  varying  doping  levels. 
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Figures.  /-I/ characteristics  of  AuGe/Ni/Au  Figure  6.  AuGe/Ni/Au  specific  contact 

contacts  on  n-lnP  with  varying  doping  levels.  resistance  versus  inP  doping  ievei. 


The  I-V  curves  for  AuGe/Ni/Au  contacts  on  these  same  growth  samples  are  shown 
in  Figure  5.  These  contacts  are  nonrectifying  for  all  doping  levels  because  of  the  Ge  doping 
of  the  InP  during  the  alloying.  The  variation  of  the  contact  resistance  with  the  InP  doping 
level  is  plotted  in  Figure  6.  As  expected,  pc  decreases  as  the  doping  level  increases, 
although  it  appears  that  pc  may  reach  a  minimum  at  very  high  doping  levels. 


4.  Conclusion 

Very  low  resistance  alloyed  and  nonalloyed  contacts  to  n-type  InP  have  been  fabricated 
using  standard  techniques.  On  InP  with  n  =  6.0  x  10^9  cm-3,  obtained  using  SiBr4, 
minimum  specific  contact  resistances  of  6.09  x  10-8  Q_cm2  and  5.42  x  10-8  Q-cm^  were 
measured  for  alloyed  AuGe/Ni/Au  contacts  and  nonalloyed  Ti/Pt/Au  contacts,  respectively. 
This  is  the  lowest  contact  resistance  reported  for  Ti/Pt/Au  contacts  on  n-type  InP.  Low 
resistance,  nonalloyed  Ti/Pt/Au  contacts  to  n-InP  should  make  InP/InGaAs  HBTs  simpler 
to  grow  and  fabricate  thereby  improving  their  viability. 
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Abstract.  The  push  towards  the  next  generation  of  ultra-high-speed  High  Electron  Mobility 
Transistors  (HEMTs)  is  once  again  in  full  swing.  In  just  a  few  years,  significant  progress  has  been 
made,  and  it  now  appears  that  a  0.05-p,m  HEMT  technology  will  soon  become  a  reality.  In  this  talk,  I 
will  review  the  status  of  this  technology  and  discuss  its  potential  impact  on  future  systems. 


1.  Introduction 

The  successful  development  of  the  HEMT  technology  has  given  birth  to  a  new  class  of  ultra- 
high-speed  transistors  with  cutoff  frequencies  (fp,  fmax)  well  over  100  GHz.  Since  the  mid- 
1980s,  HEMT  technology  has  advanced  at  an  incredible  pace:  a  4-fold  increase  in  speed  from 
1984  to  1988  [1-4],  and  again  a  nearly  2-fold  increase  from  1988  to  1992  [5,  6].  Thanks  to  its 
higher  speed,  the  HEMT  has  now  replaced  the  GaAs  FET  for  a  wide  range  of  microwave  and 
millimeterwave  low-noise  applications.  Today,  there  are  tens  of  millions  of  HEMTs  in 
operation  around  the  world. 

The  need  for  lower  noise  figures  of  both  the  defense  and  commercial  industries  has 
brought  the  latest  HEMT  technologies  to  the  market  place.  The  0.25-pm  and  sub-0.25-|am 
Ga As-based  HEMTs  offer  the  best  combination  of  performance  and  cost  and  are  now  the 
work  horse  at  X-  and  Ku-bands  [7,  8].  At  millimeterwave  frequencies,  a  more  advanced 
technology,  the  InP-based  HEMT  scaled  to  0.10  pm,  has  emerged  as  the  most  attractive  can¬ 
didate  for  ultra-low-noise  systems  [9-11].  The  InP  HEMT  offers  significantly  lower  noise 
figures  than  the  GaAs  HEMT  above  30  GHz,  and  is  now  the  preferred  technology  for 
millimeterwave  communications  and  radio  astronomy. 

Starting  in  1989,  the  push  for  even  higher  performance  HEMTs  began  in  earnest.  This 
time,  the  goal  is  to  develop  a  0.05-pm  HEMT  technology  with  significantly  higher  cutoff  fre¬ 
quencies  (>300  GHz)  and  lower  noise  figures.  In  this  talk,  I  will  review  the  status  of  this 
emerging  technology  and  discuss  its  potential  impact  on  future  systems. 

2.  Scaling  Rules 

In  the  past  decade,  the  III-V  industry  has  successfully  scaled  the  HEMT  technology  by  a 
factor  of  5,  from  0.5  pm  to  0.1  pm,  by  continually  improving  the  device  materials  and  lithog¬ 
raphy  processes.  Assuming  that  an  aspect  ratio  of  five  (5)  or  greater  can  be  maintained,  it  is 
straightforward  to  show  that  a  properly-scaled  HEMT  must  approximately  obey  a  simple  set 
of  scaling  rules,  as  listed  in  Table  1. 
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Table  1.  Scaling  rules  for  state-of-the-art  HEMTs 


Parameter 

Scaling  Rule 

Uni 

Cgs  +  Cgd 

1.0 

pF/mm 

gm 

100/Lg 

mS/mm 

Rs 

<2Lg 

Q’mm 

Vds 

lOLg 

V 

fT 

20/Lg 

GHz 

fmax 

2fT 

GHz 

where  Cgs,  Lg,  Rg,  and  Vds  are  the  gate-to-source  capacitance,  gate  length  (in  micrometers), 
source  resistance,  and  drain-source  operating  voltage,  respectively. 

As  Lg  continues  to  shrink,  however,  it  becomes  increasingly  more  difficult  to  obey  the 
scaling  rules.  First,  it  becomes  very  difficult  to  maintain  an  aspect  ratio  of  five.  At  Lg  = 
0.05-jJ.m,  for  example,  the  vertical  dimension  of  a  HEMT  —  the  total  thickness  of  the 
Schottky,  spacer,  and  channel  layers  —  must  be  reduced  to  approximately  100  A!  Second, 
for  a  given  ambient  temperature,  there  exists  a  minimum  Vjs  for  the  electrons  to  reach  their 
maximum  velocity.  Empirically,  this  minimum  Vjs  appears  to  be  a  strong  function  of 
temperature,  about  0.7  V  at  room  temperature  and  0.3  V  at  18  K  [11],  but  not  of  gate  length. 
The  0.7-V  minimum  may  also  preclude  the  use  of  extremely  narrow  band  gap  materials,  such 
as  In  As  or  InSb,  at  room  temperature! 


3.  Review  of  0.05-pm  HEMT  technology 

The  real  challenge  in  the  development  of  a  0.05-(xm  HEMT  technology  is  scaling  its  layer 
thicknesses.  Despite  the  fact  that  modern  MBE  technology  can  produce  materials  with  just^a 
few  monolayers,  it  remains  a  challenge  to  realize  HEMTs  with  an  active  layer  of  only  100  A. 
The  main  problems  are  thinning  the  Schottky  and  channel  layers  while  maintaining  low  gate 
leakage  current  and  achieving  good  ohmic  contact.  Table  2  summarizes  these  problems  and 
offers  a  few  potential  solutions. 

The  implementation  of  the  approaches  in  Table  2  has  been  a  stepping  stone  towards  the 
development  of  a  0.05-|im  InP  HEMT  technology.  In  1992,  my  colleagues  and  I  reported  a 
successful  demonstration  of  both  lattice-matched  and  pseudomorphic  0.05-pm  InP  HEMTs 
with  fT  over  300  GHz  [6].  We  relied  on  a  high-resolution  50-kV  electron-beam  lithography 


Table  2.  Scaling  problems  for  0.05-|Lim  HEMT  technology  (see  Refs.  [6,  12]) 


Problem 


Approach 


Values  Achieved 


Schottky  layer 

Delta  doping  or  low  temperature  growth 

100-  130  A 

Channel  layer 

Lattice-matched  or  pseudomorphic 

150 -200  A 

Reduce  Rg  &  Rd 

Self-aligned  gate 

0.1  Omm 

Reduce  Rg 

T-shaped  gate 

1000  Q/mm 

Ohmic  contact 

Non-alloyed  ohmic  contact 

0.1  iQ-mm 
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system  to  define  the  0.05-|im  T-shaped  gates,  delta  doping  and  low  temperature  growth  to 
minimize  the  diffusion  and  surface  segregation  of  the  dopants,  self-aligned  gate  technology  to 
reduce  Rs  and  Rj,  and  a  low-temperature  ohmic  contact  to  achieve  low  resistance  to  the  thin 
channel.  In  1994,  Enoki  et  al.  reported  a  more  refined  0.05-|am  T-shaped  gate  process 
utilizing  dielectric  side  wall  and  non-alloyed  ohmic  contact  [12].  This  approach  is  very 
promising  and  potentially  could  lead  to  a  properly  scaled  0.05-|Lim  HEMT  technology.  Table 
3  summarizes  the  results  from  both  efforts  and  compares  them  with  the  scaled  model. 

A  quick  glance  at  Table  3  will  reveal  that  these  0.05-|Lim  HEMTs,  despite  their  impressive 
gm  and  fx  values,  are  not  quite  properly  scaled.  Their  total  gate  capacitance,  including  a  0.1 
to  0.2  pF/mm  pad  capacitance,  is  still  too  low.  Their  aspect  ratio,  as  deduced  from  the 
capacitance  value,  is  only  about  3  (we  want  5  or  greater!).  This  low  aspect  ratio  results  in  a 
high  output  conductance  and  consequently  a  low  f^ax-  Future  work  must  concentrate  on  the 
reduction  of  the  Schottky  layer  (<80  A),  channel  width  (<75  A),  and  output  conductance 
(<60  mS/mm)  to  clearly  demonstrate  the  potentials  of  a  0.05-[Lm  HEMT  technology. 


4.  Potential  impact  on  future  systems 

The  0.05-|im  HEMT  technology  is  potentially  an  enabling  technology  for  ultra-high-perfor- 
mance  systems  such  as  millimeterwave  communications,  optical  communications  with 
transmission  speeds  over  40  Gb/s,  and  ultra-low-noise  cryogenic  receivers.  The  key  word 
here  is  enabling.  There  is  little  doubt  that  0.05-jLim  HEMT  technology  will  play  a  key  role  in 
these  future  systems,  especially  when  the  transmission  speed  approaches  100  Gb/s  or  when 
the  operating  frequency  exceeds  100  GHz. 


Table  3.  Summary  of  Nguyen  et  al.  and  Enoki  et  al.  0.05-|im  HEMTs 


Parameter 

Target 

Nguyen  et  al.  [6] 

Enoki  et  al.  [12] 

Unit 

Cgs  +  Cgd 

1.0 

0.80 

0.7* 

pF/mm 

gm 

2000 

1700 

1280 

mS/mm 

Rs 

0.1 

0.1 

0.1 

Q'mm 

Vds 

0.5 

0.8 

0.8** 

V 

fx 

400  GHz 

340 

300 

GHz 

fmax 

800  GHz 

250 

235 

GHz 

^Estimated  from  fp  &  gm  values 
**Estimated  from  I-V  characteristics 
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External  gate  fringing  capacitance  model  for 
optimizing  a  Y-shaped,  recess-etched  gate  FET 
structure 


M.  Fukaishi,  M.  Tokushima,  S.  Wada,  N.  Matsuno  and  H.  Hida 
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Abstract.  A  simple  yet  accurate  model  is  proposed  for  analyzing  the  gate  fringing 
capacitance  above  the  semiconductor  in  a  Y-shaped,  recess-etched  gate  FET.  In  this 

model,  it  is  assumed  that  the  capacitance  value  is  determined  by  integrating  the  inverse  of 
the  minimum  distance  between  the  gate  electrode  and  either  the  77+-cap  layer  or  the  ohmic 
electrode  with  the  smaller  electrode  area.  Comparisons  with  two-dimensional  simulations 
and  experiments  verify  the  high  accuracy  of  the  model.  Also,  the  optimized  gate  structure 
is  determined,  in  which  Cy®*  is  reduced  to  about  half  that  of  a  conventional  one,  and  its 
variation  during  the  process  is  minimized. 


1.  Introduction 

As  gate  lengths  are  reduced  to  sub-0.5  /im  in  the  pursuit  of  higher-performance  FETs, 
the  gate  fringing  capacitance  (C'y)  contribution  to  the  total  gate  capacitance  increases. 
Since  this  Cf  can  ultimately  limit  the  maximum  obtainable  FET  performance,  we  must 
decrease  it  as  much  as  possible.  The  Cf  has  two  sources:  yet,  Cf  in  the  semiconductor 
(Cy”*)  and  Cf  above  the  semiconductor  (Cy^’^).  Many  papers  have  reported  simulating 
Cy^^  dependence  on  gate-bias  and  on  the  recessed  structure  (Anholt  1991).  Cj^^  hasn’t 
been  discussed  quantitatively,  while  Cj^^  is  significantly  affected  by  gate  structure  pa¬ 
rameters  (Hida  et  al.  1993).  In  this  paper,  we  focus  on  Cy^’^  propose  an  analytical 
model  for  determining  gate  structure  parameters  that  dominate  Cf^\  and  discuss  Cy^^ 
dependence  on  these  parameters  to  determine  how  we  can  reduce  Cy^’b 


2.  Analytical  model 

The  capacitance  between  two  electrodes  is  determined  under  the  assumption  that  the 
electric  field  lines  emanating  from  one  electrode  terminate  at  the  nearest  points  on  the 
other  electrode.  This  method  can  be  generalized  as  a  way  of  deriving  the  capacitance 
value  by  integrating  the  inverse  of  the  minimum  distance  between  two  electrodes  with 
the  area  of  the  smaller  electrode.  The  capacitance  is  given  by 


708 


where  £df  is  the  relative  dielectric  constant  of  the  insulator  between  the  electrodes,  sq  is 
the  dielectric  constant  of  vacuum  and  d{x,  y)  is  the  minimum  distance  between  the  two 
electrodes  at  the  point  {x,y)  on  the  smaller  electrode. 

A  cross-sectional  view  of  the  Y-shaped,  recess-etched  gate  FET  used  in  this 
analysis  is  shown  in  Fig.  1.  is  given  by  =  C/i  +  C/21  +  C/22  +  C/3,  where  C/i, 
C/21,  C/22,  and  C/3  are  the  capacitances  between  the  surface  of  the  gate  metal  and  either 
the  n+-cap  layer  or  the  ohmic  electrode.  We  integrated  the  minimum  distance  with  the 
surface  of  the  n+-cap  layer  or  the  ohmic  electrode  for  C/i,  C/21,  and  C/22,  and  with  the 
gate  electrode  surface  for  C/3.  The  minimum  distances  used  in  these  integrals  are 

l(^’l5  )  ~  I  COS^  +  Z/r  sin^  +  COS^  <  ^r) 

^  ^  ^  r  TT  TJ  \  COsO  \ 


(0  <  <  {H,  - 


j  /  n\  }  _  -“-I  _  <  \  cosy  ' 

l(^’l5  )  ~  j  COS^  +  Z/r  sin^  +  COS^  (Z/r(-~“^“)  +  Zf ^  • 

J  /  /  ^21  +  (^  —  •'^’21  -  i^9 

dn{x2u0)  -  I  ^  sin ^  +  (iZ,  -  Zf,.)cos^  {{H,  -  Zr,)i3 
£^22(^22?  ==  cos  0[x22  Hg  —■  Hr  Lw  tan  9  —  Ho)  (0  ^  •'^'*22  ^  H 

^3(2^3, 9)  =  x’s  -f  ZT^  --  Zfr  +  Lio  tan  9  —  Ho  (O  <  .T3  <  Zf^w), 


;X21  +  Lr)  sin  9i-{Hg-  Zf,)  cos  9  {{Hg  -  iZ,)~ff^  <  a,’2i  <  ~  H 


where  x’l,  2:21, 2,’22>  and  2:3  are  the  co¬ 
ordinates  of  the  analysis  points  shown 
in  Fig.  1.  Here,  9  is  the  angle  be¬ 
tween  the  Y-shaped  gate  wing  and 
the  substrate  surface,  Lr  is  the  re¬ 
cess  length,  Lyj  is  the  Y-shaped  gate 
wing  length,  Hg  is  the  height  of  the 
’Teg”  part  of  the  Y-shaped  gate  elec¬ 
trode,  Hr  is  the  recess  height,  Ho 
is  the  ohmic  electrode  height,  and 
Hgyj  is  the  gate  wing  metal  thick¬ 


_ — . 

..  X 

Ohmic  Electrode 

\ 

Ho  1 

Cap  Layer 

et  =Cti+Cc2i  +Cr2:+Cf, 


3.  Results  and  discussions 


Fig.  1.  Cross-sectional  view  of  the  Y-shaped,  recess- 
etched  gate  FET  used  in  the  external  gate  fringing  ca¬ 
pacitance  analysis. 


To  confirm  the  accuracy  of  the  simplified  Cf '  model,  comparisons  with  numerical  sim¬ 
ulations  from  an  in-house  two-dimensional  electromagnetic  field  simulator  and  with  ex¬ 
periments  are  made.  Experimental  results  for  the  0.25  f-ira  Y-shaped,  recessed  gate 
n-AlGciAslInGaAs  heterojunction  FETs  (Hida  et  al.  1993)  were  precisely  extracted 
from  measured  S-parameter  data  using  ’’TOUCHSTONE”.  The  value  of  C/  is  esti¬ 
mated  from  the  differences  in  the  gate-to-source  and  drain  capacitance  values  of  the 
FETs  before  (0^5,02)  and  after  {Cgyac)  removing  the  Si02  film  under  the  gate  wings, 
while  ensuring  there  were  no  changes  in  other  equivalent  circuit  parameters. 

Comparisons  among  analytical,  numerical,  and  experimental  results  are  shown  in 
Fig.  2,  which  shows  the  total  gate  capacitance  versus  the  angle  9  and  the  height  from 
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the  ohmic  electrode  to  the  gate  wing.  It  is  clear  that  good  agreement  with  the  numerical 
results  is  obtained  for  a  wide  range  of  0. 

To  optimize  the  gate  structure  parameters,  we  analyzed  dependence  on  these 
parameters  in  detail.  As  a  result,  we  find  that  there  are  three  dominant  factors;  the 
angle  0,  the  height  Hg  and  the  length 

The  dependence  on  6  is  shown  in  Fig.  3,  where  Hg  is  used  as  a  parameter. 

diverges  at  205  nm  or  less  in  this  analysis  because  the  gate  electrode  touches  the 
n'*‘-cap  layer  or  the  ohmic  electrode  in  this  gate  structure.  The  dependence  on  9  is 
reduced  by  increasing  Hg^  and  the  minimum  value  of  is  independent  of  Hg.  This 
reason  is  that  the  capacitance  C/2ij  which  dominates  9  dependence  of  is  constant 
because  the  electric  field  lines  from  the  n’^-cap  layer  terminate  on  the  ’’leg”  part  of  the 
Y-shaped  gate  electrode  as  Hg  increases. 

It  is  assumed  that  the  dependence  on  9  can  be  neglected,  if  Cf^i  variation  is 
less  than  0.01/F’//im  within  80  degrees.  This  assumption  is  represented  by 
I  dCY^ Id9  |ci|  dCf2ild9  |<  0.0125  x  10“^®.  Figure  4  shows  2dCf2i/d9  versus  Hg  for 
different  values  of  9.  The  dependence  on  9  is  ignored  when  2dCf2i/d9  is  below 
the  dashed  line  corresponding  to  the  criterion  mentioned  above.  As  Hg  increases,  the 
minimum  angle  9  that  allows  us  to  ignore  the  dependence  on  9  decreases.  If  the  height 
Hg  is  more  than  250  nm,  is  independent  of  where  9  will  be  above  about  20  degrees 
in  our  device  process  condition. 

As  Lr  increases,  dependence  on  9  doesn’t  vary,  and  the  minimum  value  of 
is  reduced,  because  C/i  and  C/21  decrease  in  almost  inverse  proportion  to  Lr. 

Based  on  these  results,  a  Y-shaped  gate  structure  with  low  and  low 
dependence  on  the  gate  structure  parameters  is  investigated  and  the  results  are  shown 
in  Fig.  5.  Lj  was  expanded  from  20  nm  to  100  nm  to  reduce  without  large  increase 
in  the  source  and  drain  resistances  and  to  obtain  higher  device  performance.  We  also 
increased  Hg  from  65  nm  to  250  nm  to  reduce  dependence  on  the  gate  structure  and 

Height  Hw-Hq  (nm) 


Fig.  2.  Comparison  of  analytical  (solid  line),  nu-  Fig.  3.  Analytical  results  of  the  total  CJ*'  versus 
merical  (open  circles)  and  experimental  (closed  the  angle  0  with  the  height  H,j. 
circle)  results  for  total  gate  capacitance  as  a  func¬ 
tion  of  the  angle  9,  and  the  height  from  the  ohmic 
electrode  to  the  gate  wing. 
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Fig.  4.  Analytical  results  of  the  total  partial 
differential  of  C/21  versus  the  height  Hg  for  dif¬ 
ferent  6. 


Fig.  5.  Comparison  of  analytical  results  of  the 
total  versus  the  angle  6  between  conven¬ 

tional  (dashed  lines)  and  optimized  (solid  lines) 
gate  structure  FETs  with  0.25  /.im  gate  length. 


to  obtain  higher  uniformity  of  device  performance,  where  we  consider  the  practical  metal 
filling  technology  because  it  is  difficult  to  fill  in  the  gate  opening  (Wada  et  al.  1994)  as 
Hg  increases.  The  dependence  on  0  becomes  negligible.  The  estimated  value 
of  this  structure  is  about  half  that  of  a  conventional  structure. 

Although  the  of  the  0.25  iim  FET  has  been  discussed,  this  analytical  model 
is  also  applicable  to  sub-0.25  fj,TCi  gate  FETs  since  is  independent  of  gate  length. 

4.  Conclusion 

A  simple  yet  accurate  analytical  model  is  proposed  for  analyzing  the  external  gate  fring¬ 
ing  capacitance  in  Y-shaped,  recessed  gate  FETs.  By  comparing  the  model  with  numer¬ 
ical  simulations  and  experiments,  its  high  accuracy  is  verified.  Hence,  this  model  will  be 
a  useful  tool  for  optimizing  gate  structure  parameters  of  fine  gate-length  FETs. 
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Electron  Cyclotron  Resonance  Microwave  Plasma  Enhanced 
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Abstract.  A  new  low  temperature  process  using  electron  cyclotron  resonance 
(ECR)  microwave  plasma  has  been  developed  to  grow  (not  deposit)  a 
stoichiometric  SiGe  oxide  directly  on  Sli.^Ge^  alloys.  In  situ  x-ray  photoelectron 
spectroscopy  (XPS)  measurements  indicate  that  both  Si  and  Ge  are  fully  oxidized 
and  Auger  depth  profiling  reveals  that  no  Ge  segregation  occurs  at  the  oxide/SiGe 
interface  or  near  the  oxide  surface.  The  ECR-grown  SiGe  oxides  have  fixed  oxide 
charge  density  1x10^^  cm-2  and  interface  trap  density  IxlO^i  cm-2  •  eV*^.  The  mean 
breakdown  strength  for  the  ECR  oxide  is  8-10  MV/cm.  High  quality  1  ^m  Al-gate 
Sio  ssGeo  15  pMOSFETs  with  an  ECR  gate  oxide  have  also  been  fabricated.  It  is 
found  that  saturation  transconductance  increases  from  48  mS/mm  (300  K)  to  60 
mS/mm  (77  K).  Low  field  hole  channel  mobility  is  measured  at  300  K  and  77  K. 
The  best  experimental  values  are  about  a  factor  of  two  better  than  the 
corresponding  silicon  devices. 


1.  Introduction 

SiGe  based  system  has  attracted  a  lot  of  attention  because  of  its  potential  to  make  Si  more 
versatile  and  functional  in  microelectronics  and  optoelectronics  applications.  To  be  compatible 
with  the  state-of-the  art  Si  microelectronics  fabrication  technology,  a  device  quality  SiGe  oxide 
is  essential  for  surface  passivation,  interlayer  isolation,  and  gate  oxides  for  MOS  devices. 
Besides,  the  SiGe-oxide  system  has  very  important  applications  in  CMOS  technology  and 
could  offer  the  possibility  of  direct  improvements  in  packing  density  and  speed  for  VLSI 
applications. 

Due  to  the  metastable  nature  of  strained  SiGe  layers  [1],  the  high  temperature  needed  for 
conventional  thermal  oxidation  results  in  the  introduction  of  strain  relief  defects  at  the  strain- 
layer/substrate  interface  and  Ge  segregation  at  the  oxide/alloy  interface  [2].  The  resulting  Ge 
buildup  at  the  oxide/SiGe  interface  and  strain  relaxation  at  the  SiGe/Si  interface  render  the 
heterostructure  useless  for  electronic  device  applications.  With  the  successful  fabrication  of 
SiGe  heterojunction  bipolar  transistors,  resonant  tunneling  diodes,  and  photodetectors  comes 
the  need  for  a  low-temperature  technique  that  produces  high-quality  SiGe  oxide.  ECR  plasma 
oxidation  is  currently  being  investigated  as  an  attractive  alternative  to  replace  thermal  oxidation 
because  it  provides  many  advantages  for  low  temperature  oxidation. 

We  have  used  surface  analysis  tools  such  as  in  situ  x-ray  photoelectron  spectroscopy 
(XPS)  and  ex  situ  Auger  electron  spectroscopy  (AES)  to  investigate  the  chemical  properties  of 
the  ECR-grown  SiGe  oxides  and  the  interfacial  chemistry  between  the  ECR  oxide  and  SiGe 
alloys.  High  frequency  and  quasi-static  capacitance- voltage  (C-V)  measurements  indicate  that 
the  interface  states  at  the  oxide/SiGe  interface  is  quite  low  and  the  SiGe  oxide  exhibits  a  high 
breakdown  field  strength  (10  MV/cm).  The  SiGe  pMOSFETs  exhibits  high  saturation 
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transconductance  and  channel  mobility  both  at  300  K  and  77  K.  This  demonstrates  the 
feasibility  of  making  high  speed  CMOSFETs  in  SiGe/Si  system  for  low  power,  high  speed 
VLSI  applications. 

2.  ECR  plasma  oxidation  of  SiGe 

In  ECR  plasma  processing,  ion  energy  control  is  critical  for  controlUng  the  properties,  such  as 
stress,  index  of  refraction,  and  stoichiometry,  of  deposited  thin  film  [3].  In  this  work,  dc  bias 
was  used  to  examine  the  roles  of  electrons,  ions,  and  neutrals. 

2.1  Positive  bias  condition 

The  ECR-grown  SiGe  oxides  with  the  best  thickness  uniformity  and  electrical  characteristics 
were  grown  under  positive  bias  conditions. 

The  electronic  states  of  Si  and  Ge  in  ECR  oxides  can  be  determined  by  the  binding 
energy  shift  with  respect  to  the  bulk  Si  and  Ge  signals.  A  systematic  XPS  study  of  the  ECR 
oxidation  of  Sio.sGeo.s  with  a  sample  bias  +22  V  at  room  temperature  was  shown  in  Fig.  1. 
Spectra  1(a)  shows  a  chemically  cleaned  ^  surface  with  well  defined  Si2p  and  Ge.3d 

substrate  signals.  After  a  1  minute  ECR  oxygen  plasma  exposure,  both  Si  and  Ge  are  fully 
oxidized  which  are  characterized  by  core-level  chemical  shifts  of  3.8  eV  for  Si2p  and  4  eV  for 
GQ3d  photoelectrons  towards  higher  binding  energies,  respectively.  As  the  exposure  to  the 
oxygen  plasma  increases,  the  Si2p  signal  positioned  at  99.6  eV  gradually  decreases,  while  a 
signal  at  103.4  eV  corresponding  to  SiO.  increases.  The  same  observations  were  made  with  the 
G^Sd  signals.  The  thermal  stability  of  the  SiGe-oxide  was  assessed  by  in  vacuo  (SxlO'^  Torr) 
anneal  at  450  ^C  for  1  hour  or  600  ®C  for  30  minutes  after  ECR  oxidation.  No  modification  of 
the  stoichiometry  or  chemical  bonding  of  both  Si  and  Ge  was  observed  by  XPS  after  the 
anneal,  which  indicates  that  the  ECR-grown  SiGe  oxides  are  thermally  stable  enough  to 
withstand  further  device  processing.  Different  germanium  contents  of  Sii.^Ge^  samples  (x  = 
0.15,  0.2,  0.5)  were  studied.  From  XPS  study  it  was  found  that  both  Si  and  Ge  are 
simultaneously  fully  oxidized  independent  of  the  Ge  content  in  Sli.^Ge^  alloys. 


Binding  Energy  (eV) 


Figure  1  XPS  spectrum  of  ECR  oxidized  Sio.5Geo.5.  (a)  cleaned  by  10%  HF,  (b)  1  min.  (c) 

1  hour,  and  (d)  3  hours  ECR  oxygen  plasma  exposure. 

From  the  Auger  depth  profiling  study,  Ge  was  found  to  be  uniformly  distributed  in  the 
oxide  and  there  is  no  Ge-rich  layer  formed  between  the  oxide  layer  and  the  alloy,  which  is 
totally  different  from  the  results  of  thermal  oxidation. 
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2.2  Floating  and  Negative  bias  conditions 

Stoichiometric  SiGe  oxides  could  be  grown  by  ECR  oxygen  plasma  under  floating  or 
negatively  biased  conditions  from  the  XPS  and  Auger  depth  profile  studies.  However,  the 
quality  of  the  oxides  as  determined  by  electrical  measurements  (C-V  and  I-V)  are  poor  and  not 
reproducible.  The  interface  state  density  is  larger  than  10^^  ^^1-2  •  eV-J  and  increases  abruptly 
somewhere  in  the  SiGe  bandgap,  which  is  reflected  in  pronounced  shape  distortion  (flatten  out) 
of  the  high-frequency  C-V  curve.  The  breakdown  field  of  the  ECR  oxide  is  3-7  MV/cm.  This 
indicates  that  these  bias  regimes  should  not  be  used  in  a  gate  dielectric  oxidation  process. 


3.  SiGe  MOS  capacitors 

To  investigate  the  electrical  properties  of  the  ECR-grown  SiGe  oxides,  Al-gate  MOS  capacitors 
were  fabricated.  High-frequency  C-V  and  ramped  bias  I-V  studies  indicate  that  the  electrical 
properties  of  the  ECR  oxides  are  sensitive  to  the  growth  temperature  and  substrate  bias 
conditions  during  ECR  process. 

Figure  2  shows  the  high-frequency  and  quasi-static  C-V  curves  of  the  ECR  oxide  grown 
at  15  °C  with  a  substrate  bias  voltage  of  +4V.  The  fixed  charge  density  for  this  film  is 
-1.5x10*^  cm-2  and  the  interface  state  density  D„  is  1x10^^  cm-2  -  eV  f  0,^  decreases  from 
7x10^1  cm-2  ■  eV'^  to  1x10^^  cm-2  •  eV'^  if  the  growth  temperature  decreases  from  400  °C  to  15 
°C.  This  is  in  contrast  with  the  prevailing  view  that  a  higher  growth  temperature  is  favored  to 
produce  a  better  oxide.  This  phenomenon  is  not  fuUy  understood  yet,  but  it  may  be  attributed  to 
the  reduced  photon  radiation  damage  at  low  temperature. 


Gate  Voltage  (V) 

Figure  2  The  high-frequency  and  quasi-static  C-V  curves  of  the  ECR  oxide  grown  at  15  °C 
with  a  substrate  bias  voltage  of  -i-4V. 

The  I-V  characteristics  of  an  80  A  SiGe  oxide  is  shown  in  Fig.  3.  Breakdown  field  was 
defined  as  the  field  required  to  pass  1  |iA  through  the  defined  gate.  ECR  oxides  exhibit 
intrinsic  breakdown  behavior  at  approximately  8-10  MV/cm.  Some  of  this  spread  in  the  mean 
breakdown  field  strength  may  be  attributed  to  the  slight  film  thickness  nonuniformity  and  the 
lack  of  particle-free  clean  room  conditions  during  wafer  handling  prior  to  and  post-ECR 
processing.  However,  some  of  the  spread  in  distribution  is  believed  to  be  due  to  the  residual 
radiation  damage  induced  by  the  plasma. 


4.  SiGe  pMOSFET 

To  prove  that  the  ECR  SiGe  oxide  is  good  enough  as  the  gate  dielectric  in  MOS  devices,  we 
have  fabricated  Sio  g5Geo  15  pMOSFETs.  The  starting  material  for  the  SiGe  MOSFET  consists 
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of  a  0.0038-0.008  Q.  cm,  n-type,  (100)  Si  substrate  on  which  a  1000  A  Si  buffer  layer  and 
then  a  1000  A  strained  Sio.85Geo.15  with  doping  concentration  of  2x101^  cm-3  were  grown  by 
UHV/CVD  at  500  «C.  A  4()00  A  field  oxide  (Si02)  was  deposited  by  PECVD  and  patterned  to 
define  the  active  area  of  the  MOSFETs.  The  source  and  drain  were  formed  by  BF2'- 
implantation  and  activated  by  rapid  thermal  anneal.  No  additional  implant  was  used  for 
threshold-voltage  adjustment.  Subsequently,  a  1(X)  A  gate  oxide  was  grown  by  ECR  oxygen 
plasma  at  room  temperature.  Aluminum  was  used  for  drain,  gate,  and  source  contact,  and  a  15 
minutes  400  °C  forming  gas  anneal  completed  the  fabrication. 


Figure  3  TV  characteristic  of  an  MOS  capacitor  with  80  A  ECR-grown  SiGe  gate  oxide. 

The  threshold  voltage  of  the  SIq  85Geo  15  pMOSFET  is  -0.2  V  at  300  K  and  -0.9  V  at  77 
K.  Figure  4  shows  the  output  characteristics  of  a  1  p.m  x  10  |im  Sio.85Geo.15  pMOSFET  at  300 
K  and  77  K.  The  saturation  transconductance  increases  from  48  mS/mm  at  300  K  to  60 
mS/mm  at  77  K.  The  external  series  resistance  measured  by  Van  der  Paul  technique  is  2730 
pm.  The  large  series  resistance  is  due  to  the  large  spacing  (10  pm)  between  the  source  contact 
and  the  active  gate.  The  intrinsic  transconductance  is  estimated  to  be  55  mS/mm  at  300  K  and 
72  mS/mm  at  77  K.  The  replacement  of  the  A1  gate  with  a  self-aligned  polysilicon  gate  is 
expected  to  reduce  the  series  resistance  and  thus  to  improve  the  device  performance  further. 


Figure  4 1-V  characteristics  of  a  1  pmxlO  pm  Si^  ssGco.is  pMOSFET  at  (a)  300  K  and  (b)  77  K 

At  Vjs  =  -50  mV,  the  Sio.85Geo.15  pMOSFETs  have  a  subthreshold  slope  of  105  mV  at 
300  K  and  40  mV/dec  at  77  K.  In  comparison  with  Si  devices,  the  subthreshold  behavior  is 
poor  and  the  leakage  current  is  high  (-10-^  A  at  300  K).  Two  mechanisms  may  contribute  to 
the  drain-source  leakage  current  [4]:  (1)  reverse-bias  drain  junction  leakage  current  of  the  drain 
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junction,  which  could  be  caused  by  dislocations  occurring  during  the  implant  anneal.  (2) 
surface  channel  current  that  flows  when  the  surface  is  weakly  inverted.  This  might  be 
contributed  by  the  interface  states  (D,^~lxlOii  cm-2  •  eV-i)  at  the  oxide/SiGe  interface. 

The  low  field  hole  mobilities  =  {(LAV)(g^(Vg,)A^d,C,,(Vg3)}  at  300  K  and  77  K  for  a 
100  |im  X  100  |xm  Sig  gsGeo  15  pMOSFET  are  shown  in  Fig.  5.  The  peak  hole  mobility  is  167 
cmW-s  at  300  K  and  increases  to  530  cmW-s  at  77  K.  For  comparison,  the  Si  pMOSFETs 
with  channel  doping  concentration  of  2.7x10^'^  cm-3  exhibit  peak  hole  mobility  of  100  craW-s 
at  300  K  and  245  cmW-s  at  77  K  [5].  The  Sio  gsGeo  15  pMOSFETs  exhibit  as  much  as  67%  at 
300  K  and  1 16%  at  77  K  larger  peak  hole  mobility,  compared  to  the  Si  pMOSFETs.  The  large 
increase  in  mobility  at  low  temperature  is  not  fully  understood  although  a  reduction  of  effective 
mass  in  the  strained  layer  is  a  plausible  explanation. 


Vg.(V) 

Figure  5  Low-field  hole  mobility  versus  gate  voltage  at  77  K  and  300  K. 


5.  Summary 

Stoichiometric  SiGe  oxide  has  been  grown  (not  deposited)  directly  on  SiGe  alloys  by 
low  temperature  ECR  plasma  oxidation.  Both  Si  and  Ge  are  fully  oxidized  and  no  Ge 
segregation  occurs  at  the  oxide/SiGe  interface  or  near  the  oxide  surface  as  observed  from  XPS 
and  Auger  depth  profiling  studies.  C-V  and  I-V  measurements  indicate  that  a  low  growth 
temperature  is  favored  producing  a  high  quality  SiGe  oxide  with  a  fixed  charge  density  IxlO^^ 
cm-2  an  interface  state  density  1x10^^  cm-2  •  eV-i,  and  a  breakdown  field  8-10  MV  cm-^  1  p,m 
Al-gate  Sio.g5Geo.15  pMOSFETs  with  the  ECR-grown  gate  oxide  have  also  been  fabricated.  The 
saturation  transconductance  increases  from  48  mS/mm  at  300  K  to  60  mS/mm  at  77  K  with 
series  resistance  of  2730  0-m.  The  intrinsic  transconductance  is  estimated  to  be  55  mS/mm  at 
300  K  and  72  mS/mm  at  77  K.  The  peak  hole  channel  mobility  is  167  cmW-s  at  300  K  and 
increases  to  530  cm W-s  at  77  K.  These  results  show  that  the  SiGe  MOSFETs  are  potentially 
useful  for  applications  in  high  speed  electronics  and  optoelectronics. 
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Abstract  : 


Non-alloyed  ohmic  contacts  to  p"'"''  GaAs  and  n-GaAs  were  made  by  using  low  temperature 
molecular  beam  epitaxy  of  GaAs.  Growth  of  p-type  GaAs  using  a  high  concentration  of  Be 
followed  by  an  anneal  under  As  overpressure  was  used  to  achieve  p'^'*'  GaAs  with  a  low 
concentration  of  fast  diffusing  interstitial  Be.  Non-alloyed  Ti/Au  contacts  to  such  p-type  GaAs 
had  specific  contacts  resistivities  of  about  10’^  i2-cm^.  Such  contacts  should  not  have  the 
stability  problems  that  are  usually  caused  by  fast  interstitial  diffusion  of  Be.  A  low  temperature 
grown  layer  of  GaAs  was  also  used  to  protect  the  high  space  charge  density  layer  that  exists  at 
the  surface  of  n-type  GaAs  heavily  doped  with  Si.  Ag  and  Ti/Au  ohmic  contacts  to  such 
structures  showed  specific  contact  resistivities  of  mid  lO'^H-cm^. 


1.  Introduction 

The  dominant  technology  for  forming  ohmic  contacts  to  n-GaAs  consists  of  depositing  a 
Au-Ge-Ni  dopant/metal  structure  followed  by  an  anneal  (typically  in  the  range  of  4(X)-500®C)  to 
form  an  alloy.  Ohmic  contacts  to  p-GaAs  are  typically  formed  by  depositing  Au-Be  or  Au-Zn 
and  alloying.  Such  alloyed  contacts  have  result^  in  specific  contact  resistivities  on  the  order  of 
10'^  O-cm^,  but  alloyed  contacts  are  not  good  optical  reflectors.  Many  devices  (e.g.  light 
emitting  diodes,  vertical  surface  emitting  lasers,  and  solar  cells)  would  benefit  from  an  ohmic 
contact  that  would  also  be  a  good  optical  reflector.  We  have  developed  a  technology  for  forming 
non-alloyed  ohmic  contacts  to  n-  and  p-  GaAs. 


2.  Non-alloyed  contacts  to  p++  GaAs 

It  is  easy  to  make  non-alloyed  ohmic  contacts  to  p"’"*'  GaAs,  but  for  Be  concentrations 
above  ~  5  x  10^^  cm’^  ,  high  concentrations  of  interstitial  Be  occur.  Interstitial  Be  is  a  fast 
diffusing  species  that  smears  doping  profiles.  Also,  it  is  a  donor,  which  compensates  the  p-type 
doping.  Low  temperature  growth  has  been  used  in  the  past  to  improve  the  Be  doping  efficiency 
in  InGaAs  devices  [1].  In  this  work,  we  used  low-temperature  growth  of  GaAs  with  high  Be 
concentrations  followed  by  a  subsequent  anneal  to  drive  interstitial  Be  onto  acceptor  sites.  Our 
results  demonstrate  that  this  technique  produces  a  higher  p-type  doping  that  lowers  the  specific 
contact  resistivity  and  also  improves  the  film’s  stability. 

The  ratio  of  Be  atoms  on  acceptor  sites  to  Be  atoms  on  donor  sites  is  given  by  [2] 
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a 


(1) 


where  K{T)  is  a  temperature-dependent  constant,  is  the  arsenic  dimer  pressure,  p  is  the 

hole  concentration  in  GaAs,  and  nj  is  the  intrinsic  carrier  concentration  in  GaAs.  Excess  As  is 
incorporated  in  the  bulk  of  heavily  doped  p-GaAs  grown  at  low  temperature.  According  to  Eq. 
(1),  a  subsequent  anneal  under  As  overpressure  should  result  in  interstitial  Be  moving  to 
substitutional  sites  owing  to  the  As  overpressure  caused  by  the  excess  As  in  the  bulk.  The  MBE 
p-GaAs  structures  consisted  of  a  GaAs  film  with  a  high  Be  concentration  grown  on  a  semi- 
insulating  substrate.  Three  structures  were  grown;  a  p+^-GaAs  layer  grown  at  6(X)0C,  a  p++- 
GaAs  layer  grown  at  SOO^C,  and  a  p++-GaAs  layer  grown  at  300°C  that  was  subsequently 
annealed  at  600®C  under  As  overpressure.  The  results  will  be  described  in  Sec.  5. 


3.  Non-alloyed  contacts  to  n-GaAs 

Achieving  high  n-type  doping  concentration  in  bulk  GaAs  is  more  difficult  than  achieving 
high  p-type  concentration.  Silicon  is  a  typical  n-type  dopant  used  in  MBE  of  GaAs.  The  bulk 
doping  density  is  limited  to  Nd-Na  =  5  x  10^^  cm"^  in  Si  doped  n-typed  GaAs.  The  equilibrium 
ratio  of  donors  to  acceptors  in  n-Gi\s  with  high  Si  concentration  is  given  by  [3], 


n;,  , 


Asj’ 


(2) 


where  K(T)  is  a  temperature-dependent  constant  incorporating  the  equilibrium  arsenic  pressure 
over  GaAs,  is  the  arsenic  dimer  pressure,  n  is  the  concentration  of  electrons  in  GaAs,  and 

nj  is  the  intrinsic  carrier  concentration  in  GaAs.  During  the  MBE  of  n-GaAs,  the  electron 
concentration,  n,  at  the  surface  is  very  near  n\  because  of  Fermi  level  pinning.  According  to  Eq. 
(2),  this  suggests  that  under  a  high  As  overpressure  one  should  have  a  high  concentration  of  Si 
atoms  on  donor  (Ga)  sites.  The  native  oxide  formation  and  subsequent  native  oxide  etch  that  is 
done  prior  to  metal  evaporation,  however,  removes  this  high  space  charge  density  layer  at  the 
surface  precluding  the  possibility  of  making  ex-situ  tunneling  ohmic  contacts.  We  choose  to 
passivate  the  high  space  charge  density  layer  at  the  surface  with  a  layer  of  undoped,  low 
temperature  grown  GaAs.  Such  a  layer  has  a  number  of  mid  gap  states  owing  to  the  presence  of 
excess  As  in  it.  Ohmic  contact  should  then  be  achieved  due  to  the  tunneling  of  carriers  through 
the  high  space  charge  density  region  and  due  to  defect  assisted  tunneling  of  carriers  through  the 
low  temperature  grown  GaAs  layer.  (Metal  contacts  deposited  on  thick  low  temperature  grown 
GaAs  do  exhibit  ohmic  behavior  but  show  high  specific  contact  resisitivities  of  about  10*^  Q- 
cm2  [4].) 

For  the  n-GaAs  structures,  the  heavily  doped  n-GaAs  layer  was  grown  at  6(X)®C  using 
As4  instead  of  As2.  The  V/III  ratio  was  approximately  equal  to  2.0.  A  resistively  heated  Si 
filament  was  used  to  produce  high  fluxes  of  Si  for  the  n-type  doping  of  GaAs.  The  low 
temperature  caps  on  the  heavily  doped  n-GaAs  layer  were  grown  at  250°C.  Films  with  low 
temperature  caps  with  thicknesses  ranging  from  0  to  50  A  were  grown.  Figure  1  shows  a 
schematic  of  the  film  structure. 
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4.  Processing  and  Characterization; 

Transmission  line  measurements  were  used  to  characterize  the  specific  contact  resistivities 
of  the  p-GaAs  and  the  n-GaAs  contact  structures.  The  transmission  lines  were  fabricated  by 
using  conventional  photolithographic  and  wet  etching  techniques.  Ag  and  Ti/Au  were  used  as 
metds  for  the  contacts  to  n-GsAs.  Ti/Au  contacts  were  used  for  making  contacts  to  the  p-GaAs 
contact  structures. 


Low  temperature  grown  GaAs 

2  nm 

n-GaAs  heavily  doped  with  Si 

Si  concentration  of  1x10^0  cm"^ 
ND-NA  =  5x10l8cm-3 

100  nm 

n-GaAs 

Nq-Na  =  5x1017  cm-3 

400  nm 

Semi-insulating  GaAs  substrate 

Fig.  1  Contact  structure  for  n-GaAs  contacts.  The  contact  structure  shows  low  temperature 
grown  GaAs  layer  protecting  the  high  space  charge  density  layer. 


5.  Results 

The  specific  contact  resistivity  for  the  contacts  on  p-type  GaAs  grown  at  bOO^C  and 
heavily  doped  with  Be  and  the  contacts  on  GaAs  grown  at  300°C  were  both  about  10*^  H-cm^. 
The  p-GaAs  sample  grown  at  SOO^C  and  annealed  under  As  overpressure  at  600oC  exhibited  a 
specific  contact  resistivity  that  was  somewhat  higher  than  the  other  two  samples,  however,  the 
channel  resistance  for  this  sample  was  one-half  of  that  of  the  other  two  samples.  This  suggests 
that  the  excess  As  in  low  temperature  grown  GaAs  caused  the  interstitial  Be  to  go  onto  acceptor 
sites  due  to  the  anneal  under  As  overpressure  thereby  decreasing  the  channel  sheet  resistance. 
This  results  in  high  Be  doping  efficiency.  Because  it  is  on  substitutional  sites,  the  high 
concentration  Be  in  such  samples  would  not  diffuse  rapidly  during  subsequent  high  temperature 
processing  steps.  Out-diffusion  of  Be  from  a  few  monolayers  of  GaAs  near  the  surface,  during 
the  6(XMII  anneal  is  a  probable  cause  for  the  increased  specific  contact  resistivity  for  the  annealed 
sample. 

A  comparison  of  the  measured  I-V  characteristics  for  Ag  contacts  to  n-GaAs  structures 
with  and  without  the  low  temperature  GaAs  cap  is  shown  in  Fig.  2  [5].  As  expected,  the  sample 
without  a  cap  did  not  yield  an  ohmic  contact.  The  high  space  charge  density  layer  in  the  capped 
structures  is  protected  by  the  cap  layer  thus  allowing  a  tunneling  ohmic  contact  to  be  formed. 
For  the  n-GaAs  contact  structures,  specific  contact  resistivities  of  well  below  10'^  f2-cm^  were 
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obtained  for  the  contact  structures  with  cap  thicknesses  of  20,  30  and  50  A.  More  details  on  the 
contact  resistivities  versus  cap  thickness  will  be  reported  elsewhere  [5]. 


6.  Conclusion 

In  conclusion,  nonalloyed  contacts  to  heavily  Be-doped  p-type  GaAs  gives  specific 
contact  resistivities  of  about  10"^  Q-cm^.  The  sheet  resistance  of  low  temperature  grown,  Be- 
doped  (==10^0  cm-3)  GaAs  under  As  overpressure  is  lowered  by  annealing  because  excess  As 
in  the  bulk  causes  interstitial  Be  to  move  onto  acceptor  sites.  We  have  also  developed  a  method 


Fig.  2  I-V  characteristics  for  Ag  contacts,  (a)  without  low  temperature  grown  GaAs  layer,  (b) 
with  low  temperature  grown  GaAs  layer  [4]. 


for  making  non  alloyed  contacts  to  n-type  GaAs  by  protecting  the  high  space  charge  density 

layer,  which  naturally  occurs  on  the  growth  surface,  with  a  low  temperature  grown,  undoped 

GaAs  layer.  Specific  contact  resistivities  of  well  below  10"^  Q-cm^  were  obtained. 
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Development  of  Refractory  NiGe-based  Ohmic  Contacts  to  n- 
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Abstract  Thermally  stable,  low  resistance  NiGe-based  Ohmic  contacts  to  n-type  GaAs  were 
developed  by  adding  a  small  amount  of  a  third  element  (Au,  Ag,  Al,  Pd,  or  In)  to  the  refractory 
NiGe  compound  contacts.  These  NiGe-based  contacts  had  smooth  surface  and  shallow  diffusion 
depth,  which  are  required  for  the  future  very  large  scale  integration  (VLSI)  GaAs  devices.  The 
electrical  properties  were  correlated  with  the  microstructure  by  analyzing  the  interfacial  structure 
using  high-resolution  electron  microscopy,  which  enabled  us  to  propose  models  for  the  current 
transport  mechanism  of  the  NiGe-based  contacts.  These  models  explained  nicely  the  effect  of 
the  third  elements  on  the  electrical  properties  of  the  NiGe  Ohmic  contacts. 


1.  Introduction 

The  progress  of  the  GaAs  device  technology  is  strongly  dependent  on  the  development  of 
thermally  stable,  low  resistance  Ohmic  contacts.  Currently,  AuGeNi  Ohmic  contacts  have 
been  extensively  used  in  the  manufacturing  GaAs  devices,  because  they  provide  low  contact 
resistances  (-^0.10  mm)  and  their  reproducibility  is  excellent  [1].  However,  these  contacts 
have  poor  thermal  stability,  rough  surface  and  deep  diffusion  depth  into  the  GaAs  substrate, 
which  prevent  the  AuGeNi  contacts  from  using  in  the  sub-micron  devices.  Previously,  the 
cause  of  the  thermal  instability  of  the  AuGeNi  contacts  was  found  to  be  due  to  formation 
of  low  melting  point  (STO^C)  ^’-AuGa  phases  during  contact  formation  [2],  as 
schematically  illustrated  in  Fig.  1(a).  Based  on  this  study,  we  believed  that  formation  of  high 
melting  point  compounds  would  improve  the  thermal  stability  of  the  contacts,  as 
illustrated  in  Fig.  1(b).  In  addition,  formation  of  a  heavy  doping  layer  and/or  an  intermediate 
semiconducting  layer  which  had  low  energy  barrier  height  to  the  contact  metals  is  essential 
to  reduction  of  the  contact  resistances  [3].  The  contacts  which  have  interface  structure 
of  Fig.  1(b)  is  very  attractive  for  the  future  submicron  devices.  In  the  present  paper,  new 
Ohmic  contact  metals  which  improve  the  poor  contact  properties  of  the  alloyed  Ohmic 
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contacts  are  described.  heavy  doping  layer 

AND/OR  __ 
INTERMEDIATE  LAYER 
WITH  LOW  BARRIER 

2.  Refractory  NiGe  Ohmic  contacts 


n-GaAs  n-GaAs 

(a)  (b) 

Fig.  1.  Interface  structures  of  (a)  AuGeNi 
contacts  and  (b)  contacts  expected  to  have 
thermal  stability. 

slash  between  two  materials  indicates  deposition  sequence).  These  samples  were 

annealed  in  a  conventional  furnace  or  rapid  thermal  annealer  in  5  %  H2/N2  atmosphere. 
Ni(75nm)/Ge(90nm)  contacts  with  38  atomic  %  Ge  prepared  by  annealing  at  600  C  had 
smooth  surface  and  yielded  excellent  thermal  stability  at  400 °C  due  to  formation  of  NiGe 
compounds  with  high  melting  point  of  850°C.  This  NiGe  layer  satisfies  the  condition  of 
formation  of  high- compound  layer  after  annealing  at  elevated  temperatures.  However,  the 
NiGe  contacts  yielded  the  contact  resistance  of  0.80  mm,  and  reduction  of  the  contact 
resistance  by  a  factor  of  "^3  was  mandatory  to  use  these  contacts  in  the  sub-micron 
devices. 


Recently  NiGe  Ohmic  contacts  which  are 
compatible  with  the  GaAs  metal- semiconductor 
field-effect  transistor  (MESFET)  fabrication 
process  were  prepared  in  our  laboratory  [4]. 
Samples  with  layered  structure  of  GaAs/Ni/Ge 
were  prepared  by  electron  beam  evaporation.  (A 


HIGH-Tm 

/3  ’-AuGa 

COMPOUNDS 

j 

NiAs(Ge) 

- 1 

_ 1 

3.  Effects  of  third  element  addition  to  NiGe  Ohmic  contacts 

3.1.  Desirable  third  elements  for  NiGe  contacts 

Further  studies  to  reduce  the  contact  resistance  without  deteriorating  the  thermal  stability  of 
the  NiGe  contacts  by  adding  a  small  amount  of  a  third  element  have  continued  [5,6].  Such 
third  elements  should  assist  to  increase  the  carrier  concentration  at  the  GaAs  surface  and/or 
form  an  intermediate  semiconductor  layer  which  has  low  energy  barrier  height  to  the  contact 
metals. 

To  increase  the  carrier  (donor)  concentration  in  the  GaAs  surface,  the  third  elements  (M) 
must  contribute  to  create  Ga  vacancies  in  the  GaAs  where  the  Ge  atoms  can  diffuse  in, 
providing  donors  to  the  GaAs.  Thus,  the  binding  energy  of  the  element  M  with  Ga  should 
be  stronger  than  that  with  As.  These  metals  are  Au,  Pd  and  Pt  [7].  The  elements,  which  form 
solid  solution  with  Ga  at  elevated  temperatures  would  also  create  Ga  vacancies  in  the  GaAs 
substrate.  Ag  forms  the  Ag-Ga  solid  solution  and  an  addition  of  a  small  amount  of  Ag  to 
the  NiGe  is  expected  to  reduce  the  values  of  the  NiGe  contacts.  To  form  an  intermediate 
layer  with  low  energy  barrier,  an  addition  of  a  small  amount  of  In  to  the  NiGe  is  desirable. 
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Indium  is  known  to  grow  an  epitaxial  In^Ga^.^As  layer  on  the  GaAs  substrate  at  temperatures 
above  30013  [8].  In  addition,  an  addition  of  A1  to  the  NiGe  is  important  to  understand  effect 
of  barrier  height  on  the  values.  A1  is  expected  to  form  an  Al^Gaj.^As  layer  which  has  high 
energy  barrier  to  contact  metals  [9].  This  Al^Gaj.^As  layer  would  increase  the  values.  The 
electrical  properties  and  the  microstructure  of  the  NiGe  contacts  with  a  small  amount  of  each 
third  element  are  described. 

3.2.  NiGe  contacts  with  third  elements  which  increase  donor  concentrations 

As  an  example  of  the  NiGe  Ohmic  contacts  with  a  small  amount  of  third  elements  which 
increase  the  donor  concentration  at  the  GaAs  surface,  the  results  of  the  NiGe  contacts  added 
with  a  small  amount  of  Au  [denoted  as  NiGe(Au)]  are  described  [6].  Figure  2  shows  the 
dependence  of  R^  values  on  the  Au  layer  thickness.  The  R^  value  of  the  NiGe  contact 
without  Au  was  close  to  —20 mm  after  annealing  at  500 °C  for  5  sec.  An  addition  of  3  nm 
thick  Au  to  the  NiGe  contact  reduced  the  R^  value  down  to  —0.5  0mm.  The  minimum  R^ 
value  of  —0.2  0  mm  was  obtained  by  adding  the  Au  layer  with  5  nm  thickness.  R^  values 
were  also  reduced  by  addition  of  Ag  or  Pd,  and  the  minimum  R^  values  of  the  NiGe  contacts 
with  Ag  or  Pd  are  shown  in  Fig.  2  [10,11].  The  best  R^  values  were  obtained  by  adding  a 
6  nm  thick  Ag  or  Pd  layer  to  the  NiGe. 

However,  NiGe(Al)  contacts  with  layered  structures  of  Ni/Al/Ge,  Ni/Ge/Al,  and 
Ge/Ni/Al  (which  were  annealed  at  temperatures  ranging  from  400  to  700°C  for  5-240  sec) 
did  not  show  Ohmic  behavior  [12]. 

Isothermal  annealing  at  400 “C  after  contact  formation  was  performed  for  the  NiGe(Au) 
contacts,  which  were  prepared  by  annealing  at  5(X)°C  for  5  sec.  The  R^  values  of  the  contact 
during  isothermal  annealing  at  40013  are  almost  constant  for  3  h.  The  surface  morphology 

of  the  NiGe  contacts  did  not  deteriorate  by 


THICKNESS  OF  THIRD  ELEMENT  (nm) 

Fig.  2.  The  minimum  contact  resistances  of  NiGe  Fig,  3.  Transmission  electron  micrograph  of 
contacts  with  third  elements.  NiGe(Al)  contact  annealed  at  70012  for  5  sec. 
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between  the  electrical  properties  and  microstructure, 
microstructural  analysis  by  transmission  electron 
microscopy  was  carried  out.  Figure  3  is  a  transmission 
electron  micrograph  of  the  NiGe(Al)  contact  annealed 
at  700"C  for  5  sec.  No  Al^Ga^.^^As  layer  formed,  and 
NiAl  compounds  formed  by  a  reaction  between  A1 
and  Ni.  The  NiAl  layer  which  has  a  high  melting 
point  of  1640'C  prevents  Ni  from  reacting  with  Ge. 
The  NiAl  layer  also  prevents  Ge-doping  in  the  GaAs 
substrate,  which  results  that  the  NiGe(Al)  contacts  did 
not  show  Ohmic  behavior.  This  result  shows  that  a 
third  element  which  prevents  a  reaction  between  Ni 
and  Ge  should  not  be  selected. 

Fig.  4.  High-resolution  image  of  Figure  4  is  a  high-resolution  image  of  the 

NiGe(Au)  contact  annealed  at  dOOt:.  contacts  prepared  at  400”C  for 

5  sec.  The  thickness  of  the  regrown  GaAs  was  measured  to  be  about  20  nm,  and  the  NiGe 
compound  layer  covers  the  regrown  GaAs  layer  doped  heavily  with  Ge.  The  carriers  would 
transport  through  the  n^’-GaAs/n^-GaAs/metal  interface  by  the  tunneling  mechanism. 
Another  model  to  explain  the  low  R,  values  is  that  the  R,  reduction  is  due  to  the  reduction 
of  the  barrier  height  at  the  n'"-GaAs/metal  interfaces  by  forming  an  epitaxial  n'^-Ge(As) 
layer.  (In  Fig.  4,  a  contrast  of  the  regrown  GaAs  layer  near  the  NiGe  (as  indicated  by  white 
arrows)  is  different  from  that  of  the  GaAs,  which  would  be  due  to  the  existence  of  the 
epitaxially  grown  Ge  layer.) 

3.5.  NiGe  contacts  with  a  third  element  which  forms  low  barrier  layer 


1.5h 


The  NiGe  contacts  with  a  small  amount  of  In  were  prepared  [5].  Dependence  of  the  In  layer 

thickness  on  the  R,  values  for  Ni(60  nm)/In(x 
nm)/Ge(100  nm)  contacts  which  were  annealed  at 
temperatures  around  700''C  is  shown  in  Fig.  5.  The 
R^  value  of  the  NiGe  contact  without  In  was 
1.3  n  mm.  The  R^  value  decreased  by  a  factor  of 
about  4  by  adding  3  nm  thick  In  to  the  NiGe 
contact,  and  the  lowest  R,  value  of  0.28  Omm  was 
obtained. 

A  high-resolution  image  of  the  interface  of 
the  NiGe(In)  contacts  prepared  at  700°C  is  shown 
in  Fig.  6.  The  GaAs  surface  is  covered  by  the  NiGe 
compounds.  A  “regrown"  GaAs  layer  is  formed 
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GaAs 
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: 
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THICKNESS  OF  In  LAYER  (nm) 

Fig.  5.  Contact  resistances  of  NiGe(In) 
contacts  annealed  at  600-700 G  for  5  s. 


at  the  GaAs/NiGe  interface.  The 
regrown  GaAs  and  In^Gaj.xAs  layers  are 
measured  to  be  about  50  nm  in 
thickness,  and  the  {111}  twin-related 
structure  is  observed  in  these  layers.  The 
In  composition  (x)  of  the  In^Ga^.^As  is 
measured  to  be  about  0.4  from  the  high- 
resolution  images  and  the  diffraction 
spots. 

The  present  microstructural 
analysis  indicates  that  the  reduction  of 
the  values  by  addition  of  a  small 
amount  of  In  to  the  NiGe  is  due  to 
formation  of  In^Ga^.^As  layers  on  the 
GaAs  surface. 


Fig.  6.  High-resolution  image  of  NiGe(In)  contacts 
annealed  at  700'C  for  5  sec. 


4.  Comparison  among  NiGe  based  Ohmic  contacts 

The  properties  of  the  NiGe  contacts  with  or  without  third  elements  and  the  conventional 
AuGeNi  contact  are  compared  with  an  “ideal”  contact  by  marking  each  property  by  a 
“-I-”  or  sign  in  Table  I  where  a  sign  indicates  the  necessity  of  improvement 
of  the  property.  (A  indicates  that  data  are  not  available.) 


Table  I  .  The  properties  of  ideal,  AuGeNi,  and  NiGe-based  contacts. 


Contact 

resistance 


Sheet 

resistance 


Thermal 

stability 


Diffusion 

depth 


Reprodu¬ 

cibility 


AuGeNi  NiGe  NiGe(Au)  NiGe(Ag)  NiGe(Al) 


NiGe(In) 
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Although  the  NiGe  contacts  had  higher  contact  resistances  than  those  of  the  AuGeNi 
contacts,  the  thermal  stability  at  400°C  and  the  surface  morphology  were  significantly 
improved.  The  electrical  properties  were  improved  by  adding  a  small  amount  (~5  nm)  of 
third  elements  such  as  Au,  Ag,  Pd  or  In.  However,  deterioration  of  the  thermal  stability 
during  annealing  at  400“C  was  observed  when  Ag  or  Pd  was  added  to  NiGe.  A  reason  is 
believed  to  be  due  to  formation  of  low  melting  PdGa  compounds  or  Ag-Ga  solid  phase  at 
the  metal/GaAs  interface.  More  detailed  study  is  needed  to  correlate  the  microstructure  and 
the  thermal  stability.  Although  the  NiGe(In)  contacts  have  all  in  every  category,  our 

efforts  will  continue  to  search  a  third  element  which  would  further  reduce  the  values  and 
improve  the  reproducibility  of  the  contact  fabrication. 


5.  Summary 


In  the  present  paper,  recent  progress  of  refractory  NiGe-based  Ohmic  contacts  to  n-type 
GaAs  was  described.  The  future  submicron  GaAs  devices  require  not  only  the  good 
electrical  properties  but  also  the  excellent  thermal  stability  and  smooth  contact  morphology. 
Such  the  contacts  were  prepared  by  depositing  the  metal  layers  which  form  refractory 
compounds  and  an  intermediate  layer  with  high  carrier  concentration  and/or  low  energy 
barrier  height  to  the  metals.  This  contact  is  attractive  for  the  future  submicron  GaAs 
MESFET  devices. 
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Abstract.  The  upper  thermal  limit  for  Ino.52Alo.48'^s/G&Aso.5iSbo.49  heterojunction  in¬ 
sulated-gate  FET  (HIGFET)  epilayers  is  determined  for  both  self-aligned  gate  (SAG)  and  recessed 
gate  (RG)  designs.  Photoluminescence  (PL),  secondary  ion  mass  spectroscopy  (SIMS)  and  Auger 
electron  spectroscopy  (AES)  are  used  to  monitor  degradation  following  rapid  thermal  annealing 
(RTA)  at  temperatures  between  600  and  800  °C.  Epilayer  integrity  is  maintained  in  both  the 
SAG  and  RG  structures  to  600  °C.  Interfacial  degradation  following  RTA  at  700  °C  is  more  se¬ 
vere  for  the  SAG  structure.  After  800  °C  RTA,  the  GaAso.51Sbo.49  channel  no  longer  exists  in 
either  sample  due  to  Ga  and  Sb  indiffusion,  and  In  and  A1  outdiffusion  to  the  sample  surface.  The 
SIMS  and  AES  results  correlate  with  the  PL  results  and  indicate  rapid  thermal  processing 
temperature  limits  of  600  °C  for  the  SAG  HIGFET  and  700  °C  for  the  RG  HIGFET. 

1.  Introduction 

The  Ino.52Alo.48As/GaAso.51Sbo.49  heterojunction,  lattice  matched  to  InP,  is  a  novel  III-V 
semiconductor  system  with  superior  hole  confinement  due  to  a  high  valence  band  offset  [1,2]. 
This  heterojunction  has  demonstrated  initial  promise  in  both  the  heterojunction  bipolar  transis¬ 
tor  (HBT)  [3,4]  and  heterostructure  insulated-gate  FET  (HIGFET)  [5].  Maturation  of  the 
InAlAs/GaAsSb  HIGFET  to  complementary  technologies  requires  progression  to  self-aligned 
gate  (SAG)  devices.  The  SAG  process  uses  thermal  cycling  during  a  number  of  process  steps 
including  implanted  dopant  activation  and  ohmic  contact  alloying.  Thermal  cycling  of  the 
InAlAs/GaAsSb  heterojunction  in  a  HIGFET  structure  determines  the  allowable  temperature 
limit  for  device  fabrication.  This  report  establishes  the  upper  temperature  limit  for  both  SAG 
and  recessed-gate  (RG)  epilayers  and  explains  the  sources  of  structural  degradation. 

2.  Experiment 

The  two  InAlAs/GaAsSb  HIGFET  structures  used  in  this  study  were  grown  by  molecular 
beam  epitaxy  on  semi-insulating  InP:Fe  substrates  using  a  Varian  Gen-II  system.  These  two 
structures  are  illustrated  in  Figs.  1(a)  and  (b).  The  thickness  and  doping  concentration  of  the 
GaAso.5iSbo.49  surface  layer  determine  the  HIGFET  gate  configuration.  The  SAG  structure 
has  a  50  A  thick,  undoped,  cap  layer  while  the  RG  structure  has  a  500  A  thick,  Be-doped,  cap 
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GaAsSb:i,  50  A 

(b) 

GaAsSb:Be,  1E19,  500  A 

InAlAsii,  300  A 

InAlAs;i,  300  A 

GaAsSbii,  200  A 

GaAsSbii,  200  A 

InAlAs:i,  3000  A 

InAlAsii,  3000  A 

InAlAs/InGaAs  SL,  30/30  A,  10  Per. 

InAlAs/InGaAs  SL,  30/30  A,  10  Per. 

Semi-Insulating  InP  Substrate 

Semi-Insulating  InP  Substrate 

Figure  1  Layer  profiles  of  the  two  HIGFET  structures.  Surface  layer  doping  and  thickness  determine  HIGFET 

gate  configuration.  The  GaAso.5lSbo.49  surface  layer  thickness  designates  the  sample  name:  (a)  self- 

aligned  gate  (SAG,  "50  A"  sample),  and  (b)  recessed  gate  (RG,  "500  A"  sample). 

layer.  The  samples  are  referred  to  as  the  "50  A"  or  "500  A"  sample  based  on  the  thickness  of 
the  GaAso.5iSbo.49  surface  layer.  Both  samples  are  otherwise  the  same  with  the  following 
undoped  epilayer  thicknesses:  300  A  Ino.52Alo.48As  gate,  200  A  GaAso.51Sbo.49  channel, 
3000  A  Ino.52Alo.48As  buffer,  and  a  10  period  Ino.52Alo.48As(30  A)/Ino.53Gao.47As(30  A) 
superlattice  buffer. 

Following  growth,  the  sample  surfaces  were  covered  with  1000  A  of  Si3N4.  The 
samples  were  subsequently  subjected  to  rapid  thermal  annealing  (RTA)  in  a  Heatpulse  410 
system  in  a  forming  gas  (5%  H2,  95%  Ar)  ambient.  The  samples  were  placed  inside  a  graphite 
ring,  underneath  a  GaAs  wafer  during  RTA  in  order  to  limit  As  sublimation  from  the 
GaAso  5iSbo.49  surface  layer.  Separate  wafer  pieces  were  annealed  at  temperatures  of  600, 
700  and  800  °C  for  10  seconds. 

Following  RTA,  photoluminescence  (PL)  measurements  were  performed  at  a  tempera¬ 
ture  of  4.2  K  using  an  Ar  laser  source  with  4888  A  and  5145  A  lines,  and  monitoring  lumines¬ 
cence  with  a  1.2  m  spectrometer.  Secondary  ion  mass  spectroscopy  (SIMS)  depth  profiles 
were  obtained  using  a  Cameca  IMS-3F  with  an  O2+  primary  ion  beam,  raster  scanned  over  a 
125  X  125  |Lim^  area  with  an  8  keV  impact  energy.  A  Perkin-Elmer  PHI  660  Scanning  Auger 
Microanalyzer  provided  Auger  electron  spectroscopy  (AES)  depth  profiles.  Following  removal 
of  the  Si3N4  cap,  the  samples  were  sputtered  with  a  20  nA,  4  keV  Ar+  primary  ion  beam.  The 
ion  beam  was  scanned  over  a  200  x  200  jim^  analysis  crater,  and  the  AES  data  was  collected 
from  the  crater  center  over  an  area  approximately  one-tenth  of  the  total  crater  area. 

3.  Results  and  discussion 

Photoluminescence  measurements  were  used  to  determine  the  optical  quality  of  the 
GaAso  5iSbo.49  channel  layer  following  the  10  second  RTA  cycles.  Both  the  PL  line  width  and 
peak  energies  were  monitored  with  respect  to  RTA  temperature.  The  PL  results  are  shown  in 
Figs.  2(a)  and  (b).  Both  sample  types  exhibited  the  same  trends  as  the  RTA  temperature  was 
increased  to  700  °C  -  increasing  linewidth  and  peak  energy.  Increasing  linewidth  indicates  a 
microscopic  loss  of  homogeneity  in  the  channel  width.  Increase  in  the  peak  energy  indicates  a 
macroscopic  narrowing  of  the  channel  width  as  the  temperature  increases.  No  luminescence 
was  observed  from  the  GaAso.51Sbo.49  channel  layer  in  either  sample  following  800  °C  RTA, 
indicating  catastrophic  degradation  of  the  gate-channel  heterojunction  for  both  pmples. 

The  SIMS  depth  profiles  are  illustrated  in  Fig.  3(a)  for  the  50  A  sample.  The 
GaAso.5iSbo.49  and  Ino.52Alo.48 As  layers  are  clearly  delineated  in  the  as-grown  spectrum  by 
following  the  Sb,  In  and  A1  element  traces.  The  center  of  the  Ino.52Alo.48 As  gate  layer  is  loca- 
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Figure  2.  Photoluminescence  energy  versus  RTA  temperature:  (a)  linewidth  energy  and  (b)  peak  energy.  The 
500  A  and  50  A  samples  are  represented  by  the  circular  and  triangular  data  points  respectively.  Rapid 
thermal  anneal  time  was  1 0  seconds  at  each  temperature. 


ted  approximately  250  A  below  the  surface  as  evidenced  by  the  first  minimum  in  the  Ga  and  Sb 
secondary  ion  yield  and  the  peaks  in  the  In  and  A1  element  profiles.  Likewise,  the  center  of  the 
GaAso.5iSbo.49  channel  layer  is  positioned  approximately  450  A  from  the  surface.  Following 
annealing  at  600  °C  the  profile  resembled  the  as-grown  case  where  the  interfaces  between  the 
GaAso.5iSbo.49  and  Ino.52Alo.48 As  layers  are  well  defined.  At  700  °C  considerable  cross  dif¬ 
fusion  occurred  as  indicated  by  broadening  of  the  As,  Sb,  In  and  A1  element  traces. 
Additionally,  the  Sb  signal  increased  at  depths  below  600  A,  indicating  diffusion  into  the 
Ino.52Alo.48  As  buffer  layer.  The  GaAso.51Sbo.49  channel  layer  was  still  detectable  by  slight 
dips  in  the  In  and  A1  signals  at  depths  between  450  and  500  A.  The  diffusion  process  contin¬ 
ued  at  800  °C  as  evidenced  by  a  decrease  in  the  slopes  of  the  As,  Al,Jn  and  Sb  signals. 

Figure  3(b)  contains  the  SIMS  spectra  for  the  500  A  sample.  The  thicker 
GaAso.5iSbo.49  cap  layer  is  observed  by  the  flat  minima  in  the  In  and  A1  signals  near  the  sur¬ 
face  in  the  as-grown  profile.  Little  change  in  the  elemental  contours  were  observed  following 
RTA  at  600  and  700  °C  RTA.  Therefore,  structural  integrity  of  the  InAlAs/GaAsSb  hetero¬ 
junction  is  maintained  to  700  °C.  After  the  800  °C  RTA  the  interfaces  between  the  individual 
layers  are  no  longer  identifiable  due  to  considerable  cross  diffusion  of  the  elements.  A  compar¬ 
ison  of  the  SIMS  profiles  in  Figs.  3(a)  and  3(b)  indicates  that  the  elemental  diffusion  is  more 
severe  at  700  °C  for  the  50  A  sample  than  the  500  A  sample.  Also,  both  samples  have  no 
clearly  definable  InAlAs/GaAsSb  heterojunction  region  following  RTA  at  800  °C. 

Figure  4(a)  illustrates  the  AES  depth  profiles  for  the  50  A  sample.  Each  spectrum 
demonstrates  the  depth  profile  for  a  single  element.  There  are  two  spectra  for  the  700  °C  case. 
One  of  the  spectra  was  obtained  in  a  specular,  non-degraded  surface  region  (open  circle)  while 
the  other  spectra  was  measured  in  a  circular,  degraded  surface  region  approximately  100  jim  in 
diameter  (dark  circle).  The  two  different  surface  regions  are  henceforth  referred  to  as  the 
"field"  and  "circular"  regions.  The  as-grown  cap,  gate  and  channel  layers  are  easily  delineated 
in  each  profile.  Little  diffusion  was  evidenced  following  600  °C  RTA.  The  AES  profiles  for 
the  700  °C  case  differ  depending  on  whether  AES  occurred  in  the  field  or  circular  region.  The 
AES  profiles  in  the  field  region  show  little  variation  from  the  600  °C  case.  However,  in  the 
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Figure  3.  SIMS  depth  profiles  for  an  InAlAs/GaAsSb  HIGFET  with  a  (a)  50  A  (left  column)  and  (b)  500  A  (right 
column),  GaAso.5iSbo.49  cap  layer.  The  SIMS  spectra  were  measured  as-deposited,  and  following  rapid 
thermal  annealing  for  10  seconds  at  600  °C,  700  °C  and  800  ®C. 
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circular  region  considerable  diffusion  occurred  at  700  °C.  AES  profiles  following  800  C  RTA 
are  quite  similar  to  those  obtained  in  the  circular  region  following  700  °C  RTA. 

Results  of  AES  depth  profiling  on  the  500  A  sample  are  shown  in  Fig.  4(b).  These 
spectra  indicated  little  diffusion  at  temperatures  of  600  and  700  °C.  These  results  are  consistent 
with  the  observation  of  a  specular  surface  on  the  500  A  sample  following  RTA  at  700  °C. 
Noticeable  diffusion  of  elements  was  only  detected  following  the  800  °C  RTA. 

A  few  insights  are  available  through  comparison  of  the  PL,  SIMS  and  AES  results. 
First,  RTA  below  700  °C  is  dictated  for  the  SAG  HIGFET.  Photoluminescence  from  the  SAG 
HIGFET  demonstrated  a  larger  increase  in  linewidth  and  peak  energy  than  the  RG  HIGFET  as 
the  RTA  temperature  was  increased  from  600  °C  to  700  °C.  Significant  diffusion  of  elements 
from  the  Ino.52Alo.48As  gate  and  buffer  layers  into  the  channel  was  subsequently  detected  by 
SIMS  and  AES.  The  AES  depth  profiles  of  the  SAG  HIGFET  at  700  °C  show  these  degrada¬ 
tion  regions  are  localized  and  were  not  detected  by  PL  which  used  an  excitation  beam  area 
much  larger  than  the  circular,  degraded  area.  Second,  the  circular  degradation  regions  in  the 
SAG  HIGFET  structure  appear  to  cause  excesses  of  In,  Al,  and  Sb  at  the  surface,  and  a  defi¬ 
ciency  of  Ga  and  As  at  the  surface.  Thus  outdiffusion  of  Ga  and  As  into  the  SisNq  followed 
by  Sb  clustering  appears  to  cause  initial  decomposition  at  the  GaAso.51Sbo.49  surface.  Surface 
decomposition  of  the  thin  50  A  cap  layer  versus  the  thicker  500  A  cap  layer  would  create  a 
greater  disposition  for  outdiffusion  from  the  Ino.52Alo.48As  gate  layer.  Finally,  while  the 
thicker  GaAso.51Sbo.49  cap  layer  prevents  epilayer  degradation  at  700  °C,  it  also  serves  as  a 
source  for  greater  indiffusion  of  cap  layer  elements  at  800  °C.  Both  the  SIMS  and  AES  depth 
profiles  showed  deeper  indiffusion  of  Ga  from  the  500  A  cap  layer  at  800  C. 

4.  Conclusions 

A  combination  of  PL,  SIMS  and  AES  accurately  monitor  the  structural  integrity  of 
InAlAs/GaAsSb  HIGFET  epilayers  subjected  to  rapid  thermal  annealing.  These  results  dictate 
maximum  rapid  thermal  processing  temperatures  of  600  °C  for  self-aligned  gate  structures  and 
700  °C  for  recessed  gate  structures. 
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A  Novel  Area-Variable  Varactor  Diode 
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Abstract :  We  propose  a  novel  area-variable  p-n  varactor  diode  the  depleted  area  of  which  changes 
sharply  at  a  specific  reverse  bias  voltage.  The  proposed  diode  can  increase  the  capacitance  ratio  to  the 
larger  value  than  that  of  the  other  varactors  and  have  various  capacitance  ratios  on  the  same  wafer.  The 
diode  can  be  fabricated  by  two  ways.  One  is  by  etching  away  part  of  the  top  n  layer,  and  the  other  is 
achieved  by  separating  uncontacted  n  layer  area  from  operating  area  by  selective  epitaxy.  The 
fabrication  process  and  quasistatic  C-V  characteristics  of  the  diode  are  presented  and  the  high 
frequency  characteristics  will  be  discussed. 


1.  Introduction 

Varactor  diodes  with  various  capacitance-voltage  characteristics  have  been 
extensively  used  in  Monolithic  Microwave  Integrated  Circuits  (MMICs)  as  phase  shift 
elements  (Krafcsik  et  al,  1988),  tunable  bandpass  filter  elements(Chandler  et  al.  1993), 
voltage-controlled  oscillators(Scott  and  Brehm  1982),  and  frequency  multipliers(Hwu 
1993).  However,  all  the  devices  previously  reported  have  the  common  limitations  such  that 
the  devices  fabricated  on  a  wafer  must  have  the  same  capacitance  ratio  (C^^yC^in)  >  which 
is  determined  by  epitaxial  structure,  and  are  not  easily  integrated  with  other  active  devices. 
In  this  paper,  we  propose  a  novel  area-variable  p-n  varactor  diode  the  depleted  area  of 
which  changes  sha^ly  at  a  specific  reverse  bias  voltage.  The  proposed  diode  can  increase 
the  capacitance  ratio  to  the  larger  value  than  that  of  the  other  varactors  and  have  various 
capacitance  ratios  on  the  same  wafer.  The  doping  profile  is  not  limited  to  a  specified  profile 
because  its  capacitance  ratio  is  determined  by  top  and  bottom  area  ratio  in  the  layout  of  the 
diode.  Also  highly  nonlinear  C-V  characteristics  can  be  obtained  by  the  abrupt  change  of 
the  depleted  area.  The  diode  can  be  fabricated  by  two  ways.  One  is  by  etching  away  part  of 
the  top  n  layer  of  the  diode  and  the  other  is  achieved  by  separating  uncontacted  n  layer  area 
from  operating  area  with  triangular  void  formed  by  selective  epitaxy. (Asai  H.  and  Ando  S. 
1985,  KimC.T.  etal.  1991) 

2. The  etched  area-variable  varactor  diode 

The  concept  of  area- variable  diode  fabricated  by  etching  away  a  part  of  the  top  n 
layer  is  shown  in  Fig.  1.  The  diode  has  the  zero  bias  depletion  depth,  do,  which  does  not 
cross  the  point.  A,  of  etched  area,  and  its  capacitance  value  is  proportional  to  the  depletion 
width  Wo.  As  the  reverse  bias  voltage  increases,  the  depletion  depth  crosses  the  point  A 
and  its  effective  depletion  width  is  abruptly  reduced  to  Wl.  Therefore  we  can  have  abrupt 
change  of  diode  capacitance  because  the  capacitance  value  of  the  diode  is  proportional  to 
Wl,  which  is  much  smaller  than  Wo. 
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Figure  1 .  The  cross  sectional  view  of  the  etched  area-variable  varactor  diode 

The  etched  area-variable  varactor  diode  were  fabricated  using  general  MMIC 
process.  The  epilayer  is  arbitrarily  chosen  to  be  500nm  p^'-layer,  500nm  p’-buffer  layer, 
200nm  n-layer  and  200nm  n^-layer  grown  by  MBE.  First,  isolation  is  processed  by 
chemical  etching  and  Si02  sputtering.  And  then  ohmic  contact  for  cathode  is  formed  by 
depositing  AuGe/Ni/Au  on  the  n^-layer.  And  the  etching  to  the  middle  of  n-layer  is 
performed  to  isolate  the  operating  region  with  dummy  region  when  the  reverse  bias  voltage 
is  fully  applied.  Next  the  etching  to  the  p^-layer  and  Au/AuZn/Au  deposition  for  p-ohmic 
contact  are  performed.  After  ohmic  metals  are  alloyed  at  400  °C  for  90  sec  using  rapid 
thermal  annealing(RTA)  system,  Au  is  finally  electroplated. 

Fig.  2  shows  quasistatic  C-V  characteristics  of  large-area  varactor  diodes  which 
have  9:1  and  16:1  area  ratio  respectively  and  are  fabricated  on  the  same  wafer.  The  top  n* 
contact  area  of  both  diodes  are  1.75xl0"‘cm^  and  the  transition  region  of  capacitance  has 
about  2V  span.  The  measured  capacitance  ratio  is  matched  to  the  area  ratio  of  top  and 
bottom  mask  patterns.  The  quasistatic  C-V  characteristics  of  the  small-area  varactor  diodes 
are  also  shown  in  Fig.  3.  Fig.3  (a)  shows  the  quasistatic  C-V  characteristics  of  area-variable 
varactor  diode  with  30:1  area  ratio.  The  result  shows  that  the  capacitance  ratio  is  not 
exactly  matched  to  the  area  ratio.  This  is  because  the  minimum  capacitance  value  of  the 
area-variable  varactor  diode  is  small  and  the  parasitic  capacitance  is  comparable  to  it.  Fig. 
3  (b)  shows  quasistatic  C-V  characteristics  of  area- variable  varactor  diode  with  10:1  area 
ratio.  The  capacitance  transition  voltage  is  above  OV  because  n  active  layer  is  etched  much 
more  than  other  varactors  mentioned  above.  So  we  can  fix  the  capacitance  transition 
voltage  arbitrarily  by  adjusting  the  etching  time  of  n  active  layer.  The  diode  with  floating 
top  n""  layer  is  expected  to  have  the  better  high  frequency  characteristics.  This  is  because 
the  top  n^  layer  decreases  series  resistance  and  results  in  high  cutoff  frequency.  These 
structures  are  readily  fabricated  by  utilizing  anisotropic  etching. 


Figure  2.  Large-area  varactor  quasistatic  C-V  characteristics  (top  contact  area=1 .75x10  cm  ) 

(a)  area-variable  varactor  diode  with  9  : 1  area  ratio 

(b)  area-variable  varactor  diode  with  16:1  area  ratio 


735 


Figure  3.  Small-area  varactor  quasistatic  C-V  characteristics 

(a)  area-variable  varactor  diode  with  30:1  area  ratio 

(b)  area-variable  varactor  diode  with  10:1  area  ratio 
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Figure  4.  Schematic  structure  of  the  selectively  grown  area-variable  varactor  diode 

3.  The  selectively  grown  area-variable  varactor  diode 

A  selectively-grown  area-variable  varactor  diode  is  fabricated  in  a  simple  manner 
using  selective  metalorganic  chemical  vapor  deposition(S-MOCVD)  technique.  It  is 
experimentally  confirmed  that  the  geometrical  shapes  of  the  laterally  grown  facets  during 
S-MOCVD  growth  depend  on  the  growth  condition,  the  crystal  orientation  of  substrate,  and 
the  mask  orientation.  (Asai  H.  and  Ando  S.  1985,  Kim  C.  T.  et  al.  1991)  The  proposed 
varactor  diode,  schematically  illustrated  in  Fig.  4,  features  a  trianguar  void  over  SiO^  stripe, 
10®  ~  20®  off  from  [TIO]  direction.  The  n*-GaAs  and  n-GaAs  layer  right  from  void  over 
Si02  stripe  are  isolated  from  the  left  n-contact  metal  when  the  distance  between  the  top 
vertex  of  void  and  the  p'^-GaAs  layer  is  smaller  than  a  depletion  depth  in  n  active  layer. 
Thus,  it  is  possible  to  make  an  abrupt  change  of  the  capacitance  of  the  varactor  diode.  The 
device  fabrication  process  is  briefly  described  as  follows. 

After  cleaning  and  etching  an  undoped  semi-insulating  GaAs  (001)  substrate  with 
H2S04:H202:H20  solution,  the  Si02  stripes,  20®  off  from  [TIO]  direction,  are  formed  on  the 
substrate  using  e-beam  evaporation  and  lift-off  process.  The  width  and  thickness  of  Si02 
stripes  are  2.5um  and  O.lum,  respectively.  The  void  height,  H,  can  be  experimentally 
expressed  by 

H  =  L/2(atan0-i-O.71) 

where  L  is  the  Si02  stripe  width,  a(1.25  for  0=20®)  is  empirical  constant,  which  is  called 

the  lateral  growth  parameter,  and  0  is  the  mask  orientation  angle.  Expected  void  height 
from  the  above  equation  is  lum.  750nm,  5x10^*  cm*^  doped  n'^-GaAs  layer,  550nm,  1x10^^ 
cm'^  doped  n-GaAs  layer,  and  lOOnm,  2x10’^  cm'^  carbon-doped  p"^-GaAs  layer  are  grown 
at  650®C  by  atmospheric  pressure-MOCVD  system.  Trimethygallium(TMG)  and  ASH3  are 
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used  as  source  materials.  N-  and  p-type  dopant  source  materials  are  SiH^  and  CCl^, 
respectively.  During  the  growth,  the  void  with  height  of  lum  is  formed  over  Si02  stnpe. 
Using  wet  chemical  etching  with  H2S04:Hj02:f^0  solution  and  lift-off  process,  the 
selectively  grown  area-variable  varactor  diode  is  fabricated  as  mesa-type.  AuGe/Ni/Au  and 
Au/AuZn/Au  are  used  as  n-  and  p-type  ohmic  metals,  respectively,  and  alloyed  at  430“C 

using  RTA  system.  .  .  ,  .  ,  •  ui 

The  contrast  of  the  quasistatic  C-V  charactenstics  of  selectively  grown  area-vanable 
p-n  varactor  diode  with  2:1  area  ratio  and  conventional  p-n  diode  is  shown  in  Fig.  5.  The 
capacitance  of  the  selectively  grown  p-n  diode  is  reduced  by  the  amount  of  capacitance 
isolated  by  void  over  Si02  stripe.  Therefore  we  can  make  various  C-V  characteristics  of 
varactor  diode  only  with  the  height  and  position  of  void,  i.  e.  the  width  and  position  of  the 
Si02  stripe. 


Figure  5.  The  contrast  of  the  quasistatic  C-V  characteristics  of  the  selectiveiy  grown  area-variable 
p-n  varactor  diode  with  2:1  area  ratio  and  conventional  p-n  diode  (top  contact  area=5x1 0  cm  ) 


4.  Conclusion 

The  novel  area-variable  p-n  diodes  the  depleted  area  of  which  changes  sharply  at 
a  specific  reverse  bias  voltage  have  been  presented.  It  is  found  that  the  proposed  diode  can 
increase  the  capacitance  ratio  to  the  larger  value  than  other  varactors  and  have  various 
capacitance  ratios  on  the  same  wafer.  And  the  proposed  diodes  were  fabricated  by  two 
ways  of  etching  and  selective  MOCVD  techniques  and  their  capacitance  ratios  were  well 
matched  to  the  layout  area  ratio.  It  is  believed  that  the  further  optimization  of  structure  will 
give  the  better  performance. 
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Abstract.  Resonant  tunneling  diodes  (RTDs)  have  been  fabricated  in  the  pseudomorphic 
InO.53Gao.47As/AlAs  material  system  on  GaAs  substrates.  The  RTDs  have  peak-to-valley 
current  ratios  (PVCRs)  of  approximately  9  and  peak  voltages  of  approximately  1  V  at  room 
temperature.  This  PVCR  is  50%  greater  than  any  reported  RTD  using  the  lattice-matched 
GaAs/AlGaAs  or  GaAs/AlAs  material  systems.  When  compared  to  an  identical  RTD  structure 
grown  lattice-matched  on  an  InP  substrate,  these  RTDs  exhibit  only  a  20%  reduction  in  PVCR 
with  similar  peak  current  and  voltage.  The  RTD  layers  were  overgrown  on  GaAs/AlGaAs 
heterojunction  bipolar  transistor  (HBT)  layers.  The  HBTs  fabricated  showed  only  a  small 
degradation  in  their  current-voltage  characteristics 


1.  Introduction 

Since  the  first  observation  of  negative  differential  resistance  in  semiconductor  resonant 
tunneling  diodes  (RTDs)  [1],  there  has  been  great  interest  in  using  these  devices  in  high¬ 
speed  analog  and  digital  circuits.  Switches  have  been  demonstrated  with  peak-to-valley  rise 
times  of  2  ps[2],  and  6-10  ps[3].  The  most  promising  digital  applications  would  combine 
RTDs  monolithically  with  conventional  GaAs  devices  such  as  heterojunction  bipolar 
transistors  (HBTs),  metal-semiconductor  field  effect  transistors  (MESFETs),  and 
pseudomorphic  high  electron  mobility  transistors  (pHEMTs)  to  create  new  switching  devices, 
logic  gates,  and  memory  elements  on  GaAs  substrates.  A  fundamental  objective  in  the  design 
of  these  devices  is  to  maximize  the  peak-to-valley  current  ratio  (PVCR)  of  the  RTDs  at  the 
lowest  possible  peak  voltage,  while  maintaining  a  high  peak  current  and  wide  valley  region. 
If  the  PVCR  of  the  RTDs  is  high,  these  devices  will  have  a  very  low  static  power  dissipation. 
The  major  limitation  to  using  conventional  RTDs  from  the  GaAs/AlAs  or  GaAs/AlGaAs 
material  systems  is  their  relatively  low  PVCRs.  The  best  reported  PVCR  for  these  systems  is 
6  [4]  while  typically  the  PVCR  is  between  3  and  4  [5].  In  order  to  circumvent  this  problem, 
we  have  looked  at  the  pseudomorphic  Ino.53Gao.47As/AlAs  material  system.  When 
epitaxially  deposited  on  latticed-matched  InP  substrates  such  that  the  AlAs  barriers  are 
pseudomorphic,  Ino,53Gao.47As/AlAs  RTDs  have  shown  PVCRs  as  high  as  28-30[6,7].  In 
this  study  we  have  fabricated  Ino,53Gao,47As/AlAs  RTDs  on  GaAs  substrates  and  on  GaAs 
HBT  layers.  GaAs  substrates  are  preferable  to  InP  substrates  because  of  their  lower  cost, 
larger  size,  greater  strength,  and  the  maturity  of  HBT,  MESFET,  and  pHEMT  fabrication  — 
all  important  factors  in  integrated  circuit  fabrication. 
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2.  RTD  fabrication  on  GaAs  substrates 

Prior  to  studying  RTDs  grown  on  HBT  wafers,  we  fabricated  a  control  sample  on  an  n-type 
InP  substrate  and  a  control  sample  on  a  semi-insulating  GaAs  substrate  to  determine  the 
effects  of  the  lattice  mismatch  on  GaAs  and  to  see  if  those  effects  could  be  mitigated.  The 
RTD  heterostructures  were  grown  using  a  3-in.-wafer  compatible,  solid-source,  Intevac 
MOD  GEN  II,  molecular  beam  epitaxy  system.  The  InP  substrates  had  a  crystallographic 
orientation  of  (100),  while  the  GaAs  substrates  had  an  orientation  of  either  (100)  or  2°  off 
(100)  toward  (110).  Reflection  high-energy  electron  diffraction  intensity  oscillations  were 
used  to  calibrate  the  growth  rates.  The  Ino.53Gao.47 As  growth  rate  was  1.08  p,m/h  and  the 
AlAs  growth  rate  was  0.31  |im/h  with  the  substrate  temperature  at  480  “C.  Growth 
interruptions  of  25  s  were  used  at  the  interfaces  of  the  barriers  and  quantum  well.  The  RTD 
structure  consisted  of  a  55- A- thick,  undoped,  Ino.53Gao.47 As  quantum  well  with  18-A-thick, 
undoped,  pseudomorphic  AlAs  barriers,  400-A-thick,  lightly  doped,  Ino.53Gao.47 As  cladding 
layers  outside  the  barriers,  and  heavily  doped  Ino.53Gao.47As  ohmic  contact  layers  outside  the 
cladding  layers.  The  overall  RTD  material  profile  is  shown  in  Fig.  1. 

The  test  samples  consisted  of  the  same  Ino.53Gao.47 As/ AlAs  RTD  structure  grown  on 
GaAs  substrates  using  various  types  of  buffers  between  the  substrate  and  the  RTD  layers. 
The  buffer  shown  in  Fig.  1  produced  the  best  device  results.  It  is  a  modified  version  of  the 
buffer  used  for  growing  InxGai-xAs/InzAli-zAs  heterostructure  field  effect  transistor  material 
on  GaAs  [8].  The  present  buffer  consists  of  a  1500-A-thick,  undoped,  low-temperature- 
grown  (LTG)  luxGai-xAs  layer  with  x  graded  from  15%  to  53%,  and  a  30(X)-A-thick, 
undoped,  LTG  Ino.53Gao.47 As  layer.  The  substrate  temperature  during  the  growth  of  these 
layers  was  320  "C.  A  temperature  ramp  of  0.1  “C/s  was  used  to  continously  increase  the 
temperature  of  the  In  cell  from  the  initial  value  for  the  growth  of  Ino.15Gao.85As  to  the  final 
value  for  the  growth  of  Ino.53Gao.47 As.  Thick  Ino.53Gao.47As  layers,  GaAs/Ino.53Gao.47As 
superlattices  with  high  and  low  arsenic  fluxes,  and  LTG  Ino.53Gao.47As  layers  were  also 
tried  in  this  study  but  produced  significantly  inferior  RTDs. 

The  processing  of  the  wafers  into  diodes  was  completed  by  standard  microfabrication 
steps,  starting  with  the  photolithography  of  square  active  areas.  Evaporation  and  photoresist 
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Figure  1.  Schematic  cross  section  of  RTD  and  buffer  layer  structures. 
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lift-off  were  then  used  to  define  the  ohmic  contact  metallization  of  Pd,  Ge,  and  Au  with 
thicknesses  of  300,  400,  and  3400  A,  respectively.  The  ohmic  contacts,  which  are  on 
Ino.53Gao.47 As  having  a  carrier  concentration  of  1.3  x  10^^  cm‘2,  were  not  annealed  or 
alloyed  in  any  way.  The  diodes  were  isolated  by  wet  chemical  etching.  Devices  with  active 
areas  of  approximately  49  and  9  jim^  were  produced  on  each  wafer. 


3.  RTD  performance 

The  current- voltage  (I-V)  characteristics  of  the  control  RTD  on  InP  are  shown  in  Fig.  2(a). 
This  device  had  an  active  area  of  approximately  9  pm^.  When  the  top  ohmic  contact  is  biased 
negatively,  the  control  RTD  has  a  PVCR  of  11.4,  a  peak  voltage  (Vp)  of  0.95  V,  and  a  peak 
current  density  (Jp)  of  2.06  x  10^  A/cm^.  This  PVCR  is  substantially  lower  than  the  values  of 
28  to  30  seen  by  other  workers[6,7].  However,  the  higher  PVCRs  were  obtained  at  the 
expense  of  either  significantly  lower  Jp  or  significantly  higher  Vp.  The  control  RTD  grown 
directly  on  GaAs  has  a  PVCR  of  4.0,  a  Vp  of  1.05  V,  and  a  Jp  of  1.4  x  10"^  A/cm^  using  the 
same  bias  conditions.  This  significant  degradation  is  attributed  to  the  lattice  mismatch  with  the 
GaAs  substrate. 

The  I-V  characteristics  of  a  test  RTD  grown  on  a  GaAs  substrate  using  the  best  LTG 
buffer  are  shown  in  Fig.  2(b),  This  device  had  an  active  area  of  approximately  9  fim^.  When 
the  top  ohmic  contact  is  biased  negatively,  the  device  has  a  PVCR  of  9.3,  a  Vp  of  1.00  V,  and 
a  Jp  of  1.7  X  lO^  A/cm2.  The  negative  bias  PVCR  is  50%  greater  than  any  reported  in  RTDs 
made  from  the  lattice-matched  AlGaAs/GaAs  or  AlAs/GaAs  material  system [4].  When 
compared  to  the  InP-substrate  control  RTD,  these  RTDs  exhibit  only  a  20%  reduction  in 
PVCR,  a  15%  reduction  in  Jp,  and  a  5%  increase  in  Vp. 

A  slightly  modified  RTD  structure  with  the  same  buffer  layer  but  thinner  heavily  doped 
I110.53Ga0.47As  ohmic  contact  layers  above  the  tunneling  layers  was  also  fabricated.  The 
thickness  of  the  top  two  layers  shown  in  Fig.  1  was  500  and  1000  A,  respectively,  rather 
than  2000  A  each.  The  I-V  characteristics  of  this  RTD  were  nearly  identical  to  the  RTD 
shown  in  Fig.  2(b).  When  the  top  ohmic  contact  is  biased  negatively,  the  device  has  a 
PVCR  of  9.3,  a  Vp  of  1.00  V,  and  a  Jp  of  1.6  x  lO^  A/cmA 


(a)  VOLTAGE  (V)  (b)  VOLTAGE  (V) 

Figure  2.  Current-voltage  characteristics  of  Ino.53Gao.47As/AlAs  RTDs  (a)  grown  on  InP 
and  (b)  grown  on  GaAs  with  an  LTG  buffer. 
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4.  Transmission  electron  microscopy 

To  determine  the  effect  of  the  LTG  buffer,  we  used  transmission  electron  microscopy  (TEM) 
to  observe  the  material  quality  in  the  RTD  epitaxial  layers  with  and  without  the  LTG  buffei. 
Fig.  3(a)  shows  a  TEM  cross  section  of  the  GaAs-substrate  control  RTD  at  120,000  times 
magnification.  A  lower  magnification  view  indicated  that  the  ~4%  lattice  mismatch  causes  the 
formation  of  misfit  dislocations  at  the  substrate/epitaxial-layer  interface  that  transform  into 
threading  dislocations  and  propagate  into  the  RTD  layers.  From  Fig.  3(a)  we  see  that  these 
dislocations  penetrate  into  and  through  the  Ino.53Gao.47As/AlAs  double-banier  structure.  No 
dislocations  were  observed  to  propagate  back  into  the  GaAs  substrate. 

Fig.  3(b)  shows  a  TEM  cross  section  at  the  same  magnification  of  the  thinner  test  RTD 
described  at  the  end  of  the  previous  section,  which  incorporated  the  LTG  buffer  between  the 
RTD  structure  and  the  GaAs  substrate.  The  density  of  dislocations  in  the 
Ino.53Gao.47As/AlAs  double-barrier  structure  in  Fig.  3(b)  is  roughly  an  order  of  magnitude 
lower  than  in  Fig.  3(a).  The  excellent  RTD  resulting  from  the  use  of  the  LTG  buffer  is 
undoubtedly  a  direct  result  of  the  lower  dislocation  density  in  the  critical  double-bairier  region 
of  the  device.  The  LTG  buffer  appears  to  serve  two  functions.  First,  it  accommodates  the 
large  lattice  mismatch  between  the  GaAs  substrate  and  the  Ino.53Gao.47As  RTD  by  the 
formation  of  misfit  and  threading  dislocations.  Second,  it  traps  most  of  these  dislocations  in 
the  LTG  region  and  prevents  their  propagation  into  the  RTD  structure  grown  above  it. 
Further  TEM  examination  of  the  LTG  buffer  in  this  sample  also  supports  these  conclusions. 


Figure  3.  Cross-sectional  TEMs  of  Ino.53Gao.47As/AlAs  RTDs  grown  on  GaAs  substrates 
(a)  without  a  buffer  and  (b)  with  an  LTG  buffer. 
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5.  Integration  of  RTD  and  HBT 

The  primary  goal  of  this  study  was  to  integrate  high-quality  RTDs  made  from  the 
pseudomorphic  Ino.53Gao.47As/AlAs  material  system  with  commercially  available  HBT 
material  grown  on  GaAs  wafers.  The  HBTs  were  grown  by  organometallic  chemical  vapor 
deposition  (OMCVD)  on  GaAs  substrates  oriented  2"  off  (100)  toward  (110).  Therefore,  we 
decided  to  first  test  the  RTD  structure  on  bare  substrates  having  the  same  orientation  as  the 
HBT  wafers.  The  RTD  structure  and  LTG  buffer  layer  were  grown  and  fabricated 
simultaneously  on  sections  of  GaAs  substrates  with  crystallographic  orientations  of  both 
(100)  and  2“  off  (100)  toward  (1 10).  PVCRs  of  9,  Vp's  of  1  V,  and  Jp's  of  ~2  x  lO^  Mcrcfi 
were  measured  for  both  orientations. 

The  same  experiment  was  then  performed  with  an  on-axis  GaAs  substrate  and  an  off-axis 
GaAs  HBT  wafer.  For  this  experiment  approximately  500  A  was  removed  from  the  top  of 
the  HBT  structure  by  wet  chemical  etching  before  loading  into  the  MBE  system.  This  was 
required  since  the  HBT  wafers  had  not  been  kept  continuously  in  an  inert  atmosphere  after  the 
OMCVD  growth.  Based  on  work  done  at  Lincoln  Laboratory,  we  believe  that  in  the  future 
HBT  wafers  kept  in  an  inert  atmosphere  will  not  require  this  cleaning [9].  The  measured 
PVCRs  for  both  the  GaAs  substrate  and  the  HBT  wafer  were  9  with  Vp's  of  1  V  and  Jp's  of 
~2  X  10"^  A/cm^.  From  these  results,  we  can  conclude  that  the  growth  of  a  pseudomorphic 
Ino.53Gao.47 As/ AlAs  RTD  is  not  affected  by  an  off-axis  orientation  of  2°  or  by  the  epitaxial 
HBT  layers  on  the  substrate. 

The  second  important  issue  was  the  effect  of  the  RTD  overgrowth  on  the  HBT.  To 
address  this  we  cleaved  two  sections  from  the  same  HBT  wafer.  The  first  section  went 
directly  into  fabrication  and  served  as  a  control  wafer.  The  second  section  had  the  RTD 
structure  and  LTG  buffer  grown  on  the  HBT  layers.  The  two  sections  were  fabricated 
together  such  that  the  resulting  HBTs  had  an  emitter  area  of  72  x  72  qm.  The  Gummel  plots 
of  HBTs  from  the  control  wafer  and  the  RTD/HBT  wafer  are  shown  in  Fig.  4.  The  P  was 

IC  IB 
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Figure  4.  Gummel  plots  for  a  control  HBT  wafer  and  an  RTD/HBT  wafer  (with  marker). 
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88.5  for  the  control  wafer  and  61.5  for  the  RTD/HBT  wafer.  We  believe  that  this  difference 
in  p  is  due  to  fabrication  variations  and  does  not  indicate  there  was  a  degradation  of  the  HBT 
in  the  RTD  growth.  Circuits  combining  these  MBE-grown  RTDs  and  OMCVD-grown  HBTs 
ai-e  cun-ently  being  fabricated  since  each  building  block  appears  to  function  properly. 


6.  Conclusion 

In  summary,  RTDs  with  excellent  characteristics  have  been  fabricated  in  the  pseudomorphic 
Ino.53Gao.47As/AlAs  material  system  on  GaAs  substrates.  The  RTDs  have  PVCRs  of  9.3, 
peak  voltages  of  1  V,  and  a  peak  current  density  of  1.7  x  10^  A/cm^  at  room  temperature. 
This  PVCR  is  50%  greater  than  any  reported  RTD  using  the  lattice- matched  AlGaAs/GaAs  or 
AlAs/GaAs  material  systems.  These  RTDs  exhibit  only  a  20%  reduction  in  PVCR  and  a 
similar  peak  current  and  voltage  compared  to  an  identical  RTD  structure  grown  lattice- 
matched  on  an  InP  substrate. 

The  LTG  InxGai-xAs  buffer  layer  was  critical  to  producing  these  high-PVCR  RTDs. 
Other  buffers  such  as  superlattices  and  thick  InGaAs  layers  produced  inferior  RTDs.  The 
LTG  buffer  appears  to  serve  two  functions.  First,  it  accommodates  the  large  lattice  mismatch 
(~4%)  between  the  GaAs  substrate  and  the  Ino.53Gao.47As  RTD  by  the  formation  of  misfit 
and  threading  dislocations.  Second,  it  traps  these  dislocations  and  prevents  their  propagation 
into  the  RTD  structure  grown  above  it. 

These  RTDs  can  be  combined  monolithically  with  conventional  GaAs  three-terminal 
devices  such  as  HBTs,  MESFETs,  and  pHEMTs  to  create  high  speed  switching  devices, 
logic  gates,  and  memory  elements  on  GaAs  substrates.  We  have  demonstrated  the  integration 
of  these  RTDs  with  HBT  wafers  grown  by  a  commercial  vendor  using  OMCVD.  Because  ot 
the  high  PVCR  of  the  RTD,  digital  circuits  combining  the  RTD  and  HBT  could  have  much 
lower  static  power  dissipation  than  conventional  HBT  circuits. 
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Two-Dimensional  Self-Consistent  Modeling  of  InP/GalnAsP 
Lateral  Current  Injection  Lasers 
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Abstract  -  Lateral  Current  Injection  (LCI)  lasers  have  the  potential  to  overcome  many 
of  the  limitations  inherent  to  conventional  vertical  injection  structures,  but  until  now 
there  has  been  very  little  theoretical  analysis  and  optimization  of  LCI  laser  designs.  2D 
self-consistent  simulations  of  these  devices  have  been  carried  out  for  the  first  time.  Cal¬ 
culated  characteristics  are  in  good  agreement  with  experimental  results  and  offer  expla¬ 
nations  for  the  observed  roll-off  in  differential  quantum  efficiency.  In  addition,  we  have 
explored  other  key  design  issues  unique  to  LCI  lasers  such  as  the  consequences  of  the 
non-uniform  gain  profile,  ways  to  minimize  this  non-uniformity,  and  the  effects  limiting 
the  maximum  small-signal  modulation  frequency. 

Lateral  Current  Injection  (LCI)  lasers  have  the  potential  to  overcome  many  of  the  limitations 
inherent  to  conventional  vertical  injection  lasers.  In  an  LCI  laser  (Figure  1),  current  does  not  pass 
through  the  cladding  layers  or  the  substrate,  allowing  both  these  regions  to  be  made  of  wide  band- 
gap  semi-insulating  material  for  reduced  parasitic  loss  and  capacitance  and  for  improved  high¬ 
speed  operation.  In  addition,  the  planar  geometry  of  LCI  lasers  is  well  suited  for  OEIC  applica¬ 
tions. 

While  there  has  been  a  considerable  amount  of  experimental  effort  devoted  to  these  struc¬ 
tures  [1-6],  there  has  until  now  been  very  little  theoretical  analysis  of  the  device  operation  or 
design  optimization.  In  this  paper,  we  will  present  the  first  2D  analysis  of  some  recently  fabri¬ 
cated  lasers.  This  will  provide  insight  into  the  experimental  results  and  the  underlying  physics  and 
point  the  way  to  improved  designs. 

We  first  analyze  a  1.55jLim  InP/GalnAsP  LCI  laser  design  which  was  recently  reported  in  [6], 
In  this  buried  heterostructure,  carriers  are  laterally  injected  from  regrown  n  and  p-doped  InP 
regions  into  a  0.1|Lim  thick  GalnAsP  active  layer.  We  simulated  this  structure  using  our  2D  self- 
consistent  Finite  Element  Light  Emitter  Simulator  (FELES)  [7].  The  predicted  single  mode  opera¬ 
tion,  threshold  current,  and  L-I  characteristics  were  found  to  be  in  very  good  agreement  with 
experiment,  including  the  non-linearities  at  high  injection  (Figure  2). 

A  striking  feature  of  both  the  measured  and  simulated  results  is  a  rapid  decrease  in  differen¬ 
tial  quantum  efficiency  with  increasing  current.  This  leads  to  output  power  saturation  at  a  rela¬ 
tively  low  level:  only  10  mW  at  a  current  of  150mA.  Speculations  based  on  inspection  have  been 
made  regarding  the  possible  causes  of  this  problem,  including  poor  carrier  confinement  in  the  lat¬ 
eral  direction,  high  non-radiative  recombination  at  the  regrowth  interface,  and  the  spatial  mis¬ 
match  between  the  gain  peak  and  the  peak  of  the  optical  mode.  Contrary  to  these  hypotheses,  a 
series  of  simulations  in  which  each  of  these  possible  detrimental  effects  was  isolated  and  exam¬ 
ined  individually  demonstrated  that  none  of  them  could  sufficiently  account  for  the  observed 
decrease  in  differential  quantum  efficiency. 

Instead,  the  simulations  reveal  that  this  roll-off  in  quantum  efficiency  is  mostly  due  to  the 
activation  of  parallel  conduction  paths  through  the  buffer  and  guiding  layers  (Figure  3).  These 
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layers  form  wide  bandgap  PIN  diodes  which  are  electrically  in  parallel  with  the  active  region.  As 
the  injected  current  increases,  so  does  the  bias  across  these  parallel  diodes,  resulting  in  an  expo¬ 
nential  increase  in  leakage  current  and  a  corresponding  decrease  in  quantum  efficiency.  With  this 
leakage  problem  identified,  we  have  been  able  to  use  FELES  to  develop  designs  which  minimize 
this  and  other  aforementioned  problems  while  maintaining  good  optical  and  carrier  confinement. 

Another  key  design  issue  unique  to  LCI  lasers  is  the  non-uniform  gain  profile  in  the  QWs. 
This  problem,  which  can  only  be  seen  clearly  through  simulation,  was  found  to  originate  from  the 
disparity  in  mobilities  between  electrons  and  holes  in  the  active  region.  The  higher  mobility  elec¬ 
trons  tend  to  “pile  up”  at  the  p-doped/active  region  interface,  resulting  in  a  highly  asymmetric 
gain  profile  (Figure  4)  which  decreases  the  overlap  of  the  optical  mode  and  the  gain  peak  and  ulti¬ 
mately  increases  threshold  and  lowers  efficiency. 

A  promising  technique  for  minimizing  this  problem  is  to  add  doped  layers  above  and  below 
the  undoped  active  region.  Addition  of  these  “current  guiding”  layers  results  in  a  design  which  is 
a  lateral/vertical  injection  hybrid.  Current  is  not  only  injected  from  the  ends  of  the  active  region  as 
in  previous  lateral  injection  designs  but  also  along  the  length  of  the  channel  as  is  the  case  for  ver¬ 
tical  injection  lasers.  While  the  injection  paths  are  now  similar,  the  differences  in  fabrication  and 
contacts  remain.  No  current  flows  through  the  ridge  or  substrate  so  most  of  the  benefits  of  lateral 
injection  are  retained.  The  use  of  these  layers  produces  a  more  uniform  gain  profile  (Figure  5). 
However,  we  also  observed  that  they  increase  leakage.  One  can  use  a  simulator  like  ours  to  study 
this  trade-off  and  optimize  the  design. 

Our  analysis  indicates  that  well  designed  LCI  lasers  should  be  comparable  to  vertical  injec¬ 
tion  lasers  in  terms  of  threshold  and  quantum  efficiency.  Another  concern  which  naturally  arises 
is  the  dynamic  performance.  We  find  that  this  is  an  area  where  LCI  lasers  show  the  potential  for 
large  improvements  over  conventional  designs.  Since  the  substrate  is  semi-insulating,  the  effec¬ 
tive  area  of  the  n  and  p  contacts  is  small,  and  the  separation  between  the  contacts  is  relatively 
large,  the  capacitance  of  LCI  lasers  should  be  much  lower  than  vertical  injection  designs.  In  con¬ 
firmation  of  this,  FELES  simulations  predict  a  zero  bias  capacitance  of  0.8pF  for  the  structure 
reported  in  [6],  compared  to  the  0.5pF  measured  experimentally.  While  it  is  difficult  to  experi¬ 
mentally  measure  the  capacitance  under  large  forward  bias,  it  was  easily  determined  from  FELES 
simulations  and  found  to  be  approximately  15pF  with  the  device  biased  at  twice  the  threshold  cur¬ 
rent.  Combined  with  a  low  differential  resistance  (Figure  6),  these  numbers  indicate  that  the  mod¬ 
ulation  speed  will  be  limited  more  by  carrier  transport  times  than  R-C  charging  delays. 

In  summary,  our  analysis  shows  that  LCI  lasers  have  the  potential  to  be  low  power,  highi 
speed  components  suitable  for  OEIC  applications.  While  the  performance  of  experimental 
devices  produced  until  now  have  not  yet  been  competitive  with  conventional  vertical  injection 
lasers,  our  simulations  have  led  to  an  understanding  of  the  problems  encountered  and  indicate 
ways  in  which  these  problems  can  be  overcome. 
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FIGURE  1.  A  typical  LCI  laser  including  optional  ridge  and  current  guiding  layers.  Arrows  indicate  direction 
of  current  injection  from  the  contacts  into  the  active  region.  The  axes  correspond  to  the  directions 
used  in  the  following  figures. 
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FIGURE  3.  Simulated  current  densities  in  various 
cross-sections  perpendicular  to  the 
growth  direction  of  the  LCI  laser 
reported  in  [6].  N-type  regrowth  is 
present  for  Y<1.5)im  and  p-type  for 
Y>2.5|im. 


FIGURE  5.  Simulated  gain  profile  for  an  LCI  laser 
with  current  guiding  layers.  A  0.1  pm 
thick  active  region  extends  from  the  n- 
type  regrowth  at  Y=1.5jxm  to  the  p-type 
regrowth  at  Y=2.5pm.  The  region  above 
the  active  layer  (X<1 .8pm)  is  p-type  and 
the  region  below  (X>  1.9pm)  is  n-type. 


FIGURE  4.  Simulated  gain  profile  showing  non¬ 
uniformity  due  to  electron  and  hole 
mobility  differences.  In  the  plot,  10 
QWs  are  contacted  by  an  n-type 
regrowth  at  Y=  1.0pm  and  a  p-type 
regrowth  at  Y=2.2pm.  The  effects  of 
spatial  hole  burning  in  X  and  Y  are  also 
visible. 


FIGURE  6.  Simulated  and  experimental  differential 
resistance  for  the  LCI  laser  reported  in 
[6].  The  simulation  assumes  a  3.5f2 
external  contact  resistance. 
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Abstract:  A  new  one-dimensional  device  simulator,  SimWindows,  addresses  the  issues 
associated  with  complex  optoelectronic  devices.  SimWindows  solves  the  standard 
semiconductor  equations,  but  includes  thermionic  emission  current,  quantum  confinement, 
photon  generation,  and  heat  conduction.  SimWindows  is  designed  as  a  useful  tool  for  analyzing 
optoelectronic  devices.  Results  for  a  vertical  cavity  surface  emitting  laser  are  presented,  and  the 
effects  of  internal  heating  are  discussed. 


1.  Introduction 

Greater  demands  have  been  placed  on  the  physical  models  incorporated  into  optoelectronic 
device  simulators  primarily  because  of  two  factors.  These  are  the  incorporation  of  complex 
structures  such  as  distributed  bragg  reflectors  (DBRs)  and  multiple  quantum  well  (MQW) 
regions,  and  the  need  to  understand  the  thermal  issues  associated  with  optoelectronic  devices. 
The  one-dimensional  device  simulator,  SimWindows,  addresses  both  of  these  issues  while 
providing  an  easy  interactive  environment  for  evaluating  optoelectronic  device  designs. 
SimWindows  is  being  developed  within  the  framework  of  a  modified  drift-diffusion  model. 
Poisson's  and  the  current  continuity  equations  as  well  as  a  photon  rate  equation  and  a  heat- 
flow  equation  are  solved  self-consistently.  Currents  result  from  the  drift  and  diffusion  of 
carriers  as  well  as  thermionic  emission  over  heterojunction  barriers.  Quantum  well  electron 
and  hole  wave  functions  are  coupled  into  these  equations  through  the  carrier  concentrations 
and  recombination  rates.  SimWindows  is  being  applied  to  a  variety  of  optoelectronic  devices 
including  vertical  cavity  surface  emitting  lasers  (VCSELs)  and  QW  solar  cells.  SimWindows 
runs  on  any  IBM-compatible  personal  computer  under  the  Microsoft  Windows  environment^ 


2.  Models  Description 

One  of  the  basic  features  of  SimWindows  is  that  it  can  easily  apply  different  physics  to 
different  regions  of  the  device.  Regardless  of  the  physics  used,  total  charge,  carrier  currents, 
and  total  energy  flow  must  be  known  within  any  region  of  the  device.  This  is  also  true  when 
applying  different  boundary  conditions  to  the  device.  The  particular  boundary  condition 
dictates  the  values  of  the  charge,  the  currents,  and  the  energy  flow.  Matching  the  conditions 
imposed  by  the  various  regions  results  in  a  self-consistent  numerical  solution. 

An  example  of  a  specialized  region  is  the  quantum  well  where  the  physics  associated 
with  quantum  confinement  is  applied  independently  from  that  of  the  bulk  regions.  At  present. 


^SimWindows  is  available  via  anonymous  ftp  from  hopper.colorado.edu  (128.138.248.150)  in  the 
pub/modeling/SimWindows  directory. 
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the  carrier  concentrations  are  calculated  using  an  approach  similar  to  [1]  where  "bound” 
carriers  are  described  by  the  step-like  density  of  states,  and  "free"  carriers  are  described  by 
the  3D  density  of  states.  The  thermionic  emission  approach  of  Grinberg  [2]  is  used  to  model 
the  carrier  currents  over  the  QW  barriers.  The  energy  flow  resulting  from  the  thermionic 
emission  of  carriers  can  also  be  determined  using  a  similar  approach.  Electron  and  hole  wave 
functions  are  incorporated  into  this  model  by  considering  the  quantum  well  as  a  single  node 
where  the  total  number  of  carriers  in  the  quantum  weU  are  calculated.  The  carriers  are  then 
distributed  over  a  number  of  "subnodes"  within  the  quantum  well  according  to  the 
appropriate  wave  function.  This  approach  allows  quantities  to  vary  within  the  quantum  well 
while  only  using  a  single  node  during  the  numerical  iterations. 

Thermal  effects  are  also  important  in  optoelectronic  device  simulation  because  of  the 
heat  dissipation  problems  associated  with  large  arrays  of  optoelectronic  devices. 
SimWindows  addresses  the  thermal  issues  by  solving  the  heat-flow  equation,  which  yields  the 
internal  temperature  profile  of  the  device.  The  carriers  and  the  lattice  are  assumed  to  be  in 
local  equilibrium  and  described  by  the  same  temperature.  The  heat-flow  equation  then 
balances  the  energy  carried  by  the  electrons  and  holes  with  the  energy  carried  by  the  lattice. 
The  heat  flow  between  the  device  and  the  environment  is  controlled  by  setting  the  thermal 
conductance  between  the  contacts  and  the  environment  to  infinity  (ideal  heat  sink),  zero 
(ideal  insulator),  or  an  arbitrary  value.  Lateral  heat  flow  is  modeled  by  using  a  distributed 
thermal  conductance  along  the  length  of  the  device. 


3.  Simulation  Results 

To  demonstrate  the  functionality  of  SimWindows,  results  for  a  DBR  VCSEL  are  presented. 
Figure  1  shows  a  band  diagram  for  the  VCSEL  at  threshold  under  isothermal  conditions.  The 
left  DBR  (top)  consists  of  18  periods  of  alternating  AIq  i^Ga^  g4As/AlAs  layers  p-typed 
doped  between  2x10^^  and  SxlO^^  cm'3.  The  right  DBR  (bottom)  consists  of  29  periods  of 
the  same  material  n-type  doped  3x10^^  cm"^.  The  active  region  consists  of  3  80A  GaAs 
quantum  wells  with  80A  barriers  [3] . 

One  problem  associated  with  VCSELs  is  the  internal  heating  of  the  device  caused  by 


Figure  1.  Band  diagram  of  the  VCSEL  at  threshold. 
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Figure  2.  Temperature  profile  of  the  VCSEL  in  Figure  1  at  four  times  the  threshold  current. 

the  resistive  heating  of  the  DBRs.  The  increase  in  temperature  causes  the  resonant  frequency 
of  the  cavity  to  shift  away  from  the  frequency  of  maximum  gain,  thus  reducing  the  gain.  It  is 
desirable  to  design  DBRs  that  reduce  the  resistance  not  only  to  reduce  the  threshold  voltage, 
but  also  to  reduce  the  internal  heating.  Figure  2  shows  the  temperature  profile  of  the  VCSEL 
at  a  current  level  approximately  four  times  the  threshold  current.  An  insulating  boundary  was 
used  at  the  left  contact  and  an  idealized  thick  substrate  boundary  was  used  for  the  right 
contact.  The  small  ridges  in  the  temperature  are  due  to  the  varying  thermal  conductivity. 
Even  at  the  modest  light  output  of  0.5  mW  and  the  given  boundary  conditions,  the  heating 
within  the  DBR  is  significant.  The  resistance  of  the  DBR  results  from  the  thermionic  emission 
barriers  in  the  conduction  band  (for  an  n-type  DBR)  or  the  valence  band  (for  a  p-type  DBR) 
which  limit  the  carrier  flow.  Simulation  results  show  that  when  currents  are  modeled  as  drift- 
diffusion  currents  only,  then  the  DBR  resistance  is  reduced  by  over  an  order  of  magnitude.  To 
reduce  the  DBR  resistance,  it  is  necessary  to  either  reduce  the  barrier  height  or  assist 
tunneling  through  the  barriers.  Various  schemes  have  been  proposed  to  reduce  the  resistance 
of  DBRs,  and  SimWindows  provides  the  means  for  evaluating  various  DBR  designs. 

Figure  3  shows  the  light  output  power  and  the  voltage  across  the  VCSEL  as  a 
function  of  the  drive  current  under  both  isothermal  and  non-isothermal  conditions.  From  this 
figure  the  need  for  incorporating  heat  flow  again  becomes  clear.  Isothermal  conditions  can 
yield  an  overestimate  of  the  optical  output  power.  There  are  a  number  of  physical  effects 
which  will  be  incorporated  into  future  enhancements  SimWindows.  These  include  the  band 
gap  narrowing  and  the  shift  in  the  index  of  refraction  with  temperature.  Including  these 
effects  will  allow  SimWindows  to  predict  the  further  decrease  in  optical  output  power  of  a 
VCSEL  at  higher  drive  currents. 


4,  Summary 

SimWindows  is  a  new  optoelectronic  simulator  which  incorporates  the  features  necessary  for 
modeling  a  wide  range  of  optoelectronic  devices.  In  particular,  SimWindows  is  being  used  to 
design  and  analyze  VCSEL  structures.  Results  for  a  DBR  VCSEL  were  presented  and  the 
effect  of  resistive  heating  within  the  device  structure  was  demonstrated.  Including  effects 
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Figure  3.  Light  output  and  voltage  vs.  current  under  isothermal  and  non-isothermal  conditions  for 

the  VCSEL  in  Figure  1. 

such  as  quantum  confinement  and  heat  flow  allows  SimWindows  to  assist  device  designers  in 
evaluating  the  performance  of  optoelectronic  devices.  SimWindows  has  been  designed  so 
that  models  can  be  improved  and  enhanced  as  necessary  while  also  being  an  easy  environment 
to  use. 
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ABSTRACT;  Simulations  of  modern  heterostructure  devices  are  increasingly 
constrained  by  their  need  for  a  variety  of  material  parameters.  An  intelligent 
database  system  has  been  developed  to  supply  these  parameters.  The  system 
stores  expressions  of  arbitrary  complexity,  and  organizes  them  in  a  flexible 
hierarchical  fashion.  Using  empirical  or  theoretical  rules,  it  is  able  to  infer 
quantities  that  are  not  explicitly  stored.  This  provides  the  flexibility  required 
to  deal  with  heterostructures  containing  semiconductor  alloys. 


1  Introduction 

As  heterostructure  devices  become  more  sophisticated,  our  ability  to  analyze,  simulate, 
and  design  them  is  increasingly  constrained  by  the  volume  of  material  parameter  data 
required.  Some  of  the  devices  of  greatest  current  interest  require  the  greatest  diversity 
of  material  data.  For  example,  to  simulate  the  electronic  and  optical  properties  of  a 
vertical-cavity  laser  with  pseudomorphic  layers  requires  elastic  constants,  energy-band 
data,  deformation  potentials,  optical  constants,  and  carrier  transport  parameters.  More¬ 
over,  many  of  these  numbers  are  not  known  by  direct  experimental  measurements  on  the 
composition  in  question,  but  must  be  inferred  from  data  on  related  materials.  The 
data  management  problem  in  heterostructure  technology  is  particularly  compounded  by 
the  use  of  solid  solutions  whose  compositions  span  a  continuum.  As  a  consequence, 
conventional  database  technologies  [based  upon  the  assumption  that  data  are  discrete 
entities  (Parsaye  et  aL,  1989)]  are  not  particularly  applicable  to  the  problems  posed  by 
heterostructure  technology. 

In  the  course  of  developing  interactive,  general-purpose  heterostructure  and  quan¬ 
tum  device  simulation  programs  (Frensley,  1991)  we  have  squarely  encountered  the  data 
management  problem.  The  volume  of  data  is  proportional  to  an  increasing  number  of 
materials  of  interest  multiplied  by  an  increasing  number  of  physical  effects  to  be  mod¬ 
eled.  As  a  consequence  of  interactions  with  the  users  of  our  simulation  programs  we  have 
identified  several  features  required  of  a  heterostructure  database  system.  First,  no  fixed 
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data  structures  will  be  adequate  in  the  long  term.  For  example,  the  bandgap  versus 
composition  relations  of  most  ternary  alloys  (in  the  compilation  of  Casey  and  Panish, 
1978)  are  quadratic  functions.  The  prominent  exception  is  Al^Gai-^As,  in  which  the 
direct  bandgap  is  linear  over  part  of  the  range  and  quadratic  over  the  rest.  The  more 
recent  results  of  Aspnes  et  al.  (1986)  find  a  cubic  dependence  over  the  entire  composition 
range.  In  neither  case  would  a  simple  array  of  three  coefficients  be  adequate  to  define 
the  bandgap  of  ACGai_a;As,  though  such  a  data  structure  would  work  for  other  ternary 
alloys. 

The  second  point  is  that  the  dafabase  must  be  modifiable  by  the  users  of  any  sim¬ 
ulation  programs  which  employ  it.  The  reason  for  this  requirement  is  not  merely  that 
experimental  data  continue  to  accumulate  and  must  be  added,  but  that  the  view  of 
which  data  are  “correct”  can  vary  from  laboratory  to  laboratory.  For  example,  alloy 
compositions  are  controlled  by  epitaxial  growth  conditions.  The  epitaxy  systems  are 
calibrated  by  performing  a  series  of  growths  at  varying  conditions,  the  bandgaps  of  the 
resulting  samples  are  measured  optically,  and  the  compositions  are  then  inferred  from 
the  “known”  bandgap  versus  composition  relation.  If  one  uses  a  simulation  program  to 
optimize  the  design  of  a  heterostructure  device,  it  thus  becomes  much  less  important 
which  of  the  published  expressions  is  more  accurate.  What  is  important  is  to  assure  that 
the  simulation  program  uses  the  same  expression  as  that  used  to  calibrate  the  epitaxial 
system  on  which  the  device  will  fabricated. 


2  The  Database  Program 

The  design  of  the  present  system  was  determined  largely  by  the  what  we  view  as  the 
fundamental  requirement  of  a  heterostructure  database:  the  need  to  store  and  evaluate 
algebraic  expressions  of  arbitrary  complexity.  The  software  technology  necessary  to 
implement  such  a  capability  is  well  developed  in  the  context  of  compiler  design  ( Aho  et  al. 
1986).  Compilers  necessarily  construct  dynamic  data  structures,  and  we  found  that  this 
sort  of  software  technology  provided  an  elegant  solution  to  the  problem  of  constructing 
a  heterostructure  database  system.  Some  aspects  of  the  design  were  adapted  from  the 
program  hoc  described  by  Kernighan  and  Pike  (1984). 

The  database  management  system,  which  we  have  called  HeteroData,  consists  of  a 
database  in  the  form  of  one  or  more  ASCII  text  files  containing  the  information  to  be 
accessed,  and  a  C  code  library  which  reads  and  interprets  the  text  files,  constructs  a  rep¬ 
resentation  in  memory,  and  provides  functions  for  searching  the  database  and  evaluating 
the  located  entries.  (This  last  step  is  necessarily  a  separate  operation  in  the  present  sys¬ 
tem,  because  many  entries  depend  quantitatively  on  such  arguments  as  temperature  and 
alloy  mole  fraction,  which  must  first  be  specified.)  The  system  is  designed  to  be  easily 
accessed  by  device  simulation  programs,  but  we  have  also  implemented  an  interactive 
graphical  interface  for  human  users,  illustrated  in  Fig.  1. 

The  use  of  text  files  for  the  nonvolatile  representation  of  the  data  provides  several 
advantages:  such  files  may  be  readily  moved  between  different  types  of  computer  systems 
by  means  such  as  electronic  mail,  and  they  may  be  constructed  and  modified  using  a 
simple  text  editor  program.  It  also  significantly  simplifies  the  design  of  the  system,  as 
the  code  is  only  required  to  read  and  interpret  the  data  files,  not  write  or  modify  them. 
Modifications  to  the  database  are  not  expected  to  be  frequent  (as  compared  to  searches). 
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Figure  1:  Screen  image  of  the  user  interface  to  the  heterostructure  database  system. 
The  hierarchical  organization  is  displayed  using  cascaded  menus.  The  arguments  of 
each  located  entry  are  displayed,  and  the  functional  dependencies  may  be  automatically 
plotted. 

so  this  approach  is  appropriate. 

The  data  are  arranged  in  a  hierarchical  organization,  with  groups  of  entries  contain¬ 
ing  both  individual  data  entries  and  other  groups,  as  illustrated  in  Fig.  2.  By  conven¬ 
tion,  each  material  is  represented  by  a  group  at  the  outermost  level,  which  contains 
groups  of  conceptually  related  data  such  as  physical  and  chemical  constants,  band-edge 
parameters,  impurities,  etc.  These  may  be  subdivided  as  logic  dictates;  for  example, 
the  band-edge  groups  contain  groups  representing  individual  bands,  each  of  which  in¬ 
cludes  energy,  effective  mass,  and  deformation  potential  entries.  The  structure  of  the 
hierarchy  is  determined  by  the  use  of  nested  delimiters  within  the  text  files.  An  en¬ 
try  is  accessed  by  its  “pathname”  consisting  of  the  sequence  of  group  names  and  entry 
name  separated  by  periods.  Thus  the  static  dielectric  constant  of  GaAs  is  accessed  by 
GaAs .PhysChem.epsilon_dc. 

Each  entry  can  consist  of  a  constant  or  an  algebraic  expression  of  arbitrary  complex¬ 
ity.  An  expression  can  include  symbolic  arguments  whose  value  is  set  at  the  time  the 
expression  is  evaluated.  Arguments  represent  such  quantities  as  temperature  and  mole 
fraction,  and  may  be  declared  at  any  group  level  or  for  individual  entries.  The  list  of 
arguments  defined  for  a  particular  entry  can  be  obtained  from  that  entry.  By  convention, 
alloys  are  identified  by  a  string  of  all  constituent  elements  and  the  mole  fractions  are 
denoted  by  the  appropriate  chemical  symbol.  Thus  Alo.3Gao.7As  would  be  specified  by 
AlGaAs  (A1=0 .3,  Ga=0 .7) .  An  alias  mechanism  permits  one  to  define  GaAlAs  as  another 
name  for  AlGaAs. 

Expressions  can  also  include  previously  defined  entries.  This  permits  the  parameters 
of  alloys  to  be  expressed  in  terms  of  the  parameters  of  the  pure  compounds,  for  example. 
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Figure  2:  Schematic  representation  of  the  hierarchical  organization  of  the  database. 
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The  requirement  of  previous  definition  places  constraints  on  the  order  in  which  entries 
may  appear,  but  it  prevents  the  creation  of  circular  definitions.  Each  entry  definition 
is  syntactically  required  to  include  reference  string,  which  is  intended  to  identify  the 
source  of  the  information.  A  function  is  provided  to  trace  and  display  the  entries  (and 
their  references)  on  which  a  given  item  depends,  thus  supplying  the  “family  tree”  of  the 
information. 

Special  constructs  are  provided  to  permit  a  compact  descriptions  of  common  math¬ 
ematical  forms.  These  include  polynomial  and  rational  functions,  specified  by  arrays  of 
coefficients.  A  spline  interpolation  function  is  also  included. 

3  Data  Organization  and  Rules  for  Inferring  Unknown  Parameters 

It  should  be  clear  that  the  purpose  of  HeteroData  is  not  merely  to  store  numerical  pa¬ 
rameters,  but  to  encode  a  potentially  very  complex  network  of  interrelationships  between 
parameters.  There  are  two  reasons  for  this  rather  ambitious  approach.  The  first  is  to 
achieve  what  is  known  in  database  terminology  as  “data  normalization”  (Parsaye,  et  ai, 
1989),  which  in  essence  means  that  each  independent  piece  of  information  should  appear 
only  once  in  the  data  files.  This  is  addressed  by  such  features  as  the  use  of  previously 
defined  entries  in  expressions,  and  the  alias  mechanism. 

The  second  reason  is  the  need  to  provide  plausible  estimates  of  parameters  for  which 
direct  experimental  measurements  have  not  been  performed,  and  which  are  thus  not 
entered  into  the  data  files.  This  problem  is  addressed  at  two  levels:  a  mechanism  for 
specifying  default  expressions  is  designed  into  the  software  system,  and  the  rules  for 
inferring  the  value  of  each  parameter  must  be  determined  from  appropriate  theoretical 
or  empirical  relationships.  The  HeteroData  mechanism  is  the  default  expression,  which 
can  be  associated  with  any  group.  An  example  is  the  default  expression  for  AlGaAs, 
which  describes  linear  interpolation  on  the  composition: 

?  =  Al  *  AlAs.?  +  (1.0  -  Al)  *  GaAs.?  ; 

This  expression  is  invoked  in  the  data  search  procedure,  if  the  requested  item  is  not 
located  directly.  HeteroData  then  attempts  to  construct  the  entry  by  string  substitution 
on  the  ?  character,  searching  (in  this  case)  for  the  corresponding  AlAs  and  GaAs  entries 
before  reporting  success  or  failure. 

The  task  of  determining  the  rules  by  which  unknown  quantities  are  to  be  inferred 
requires,  in  effect,  a  critical  review  of  much  of  heterostructure  physics.  A  central  issue  is 
the  determination  of  heteroj unction  band  alignments.  Yu,  McCaldin,  and  McGill  (1992) 
have  reviewed  the  status  of  experiment  and  theory  for  the  band  alignment  problem,  and 
the  result  is  that  there  remain  significant  experimental  uncertainties  in  the  alignments 
of  many  of  the  heteroj  unctions  of  interest.  In  the  context  of  such  uncertainties  one 
has  a  certain  amount  of  freedom  to  impose  simple  mathematical  or  theoretical  notions 
upon  the  data,  but  one  should  also  provide  for  the  possibility  that  a  tightening  of  the 
experimental  uncertainty  will  render  such  notions  invalid. 

Predicting  unknown  band  alignments  is  quite  simple  if  they  can  be  obtained  as  energy 
differences  on  a  universal,  absolute  energy  scale.  Most  of  the  simpler  theories  of  band 
alignment  provide  such  a  scale,  but  no  case  is  the  accuracy  of  the  resulting  predictions 
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adequate  for  device  simulations  (Yu  et  ai,  1992).  One  can,  however,  construct  an  em¬ 
pirical  scale  by  the  following  procedure:  Choose  a  reference  material  such  as  GaAs,  and 
let  its  valence  band  edge  be  the  reference  energy.  Use  the  experimental  band  alignments 
of  heterojunctions  with  GaAs  to  define  the  absolute  valence  band  energies  of  materials 
for  which  such  heteroj unction  data  are  available,  such  as  AlAs,  GaP,  and  InAs.  Other 
heterojunction  data  are  then  used  to  define  the  valence-band  energies  of  GaSb  and  AlSb 
in  terms  of  that  of  InAs,  InP  in  terms  of  Ino.53Gao.47As,  and  so  on,  using  the  best  known 
heteroj  unctions  at  each  stage.  This  process  is  repeated  until  all  materials  of  interest  are 
included.  This  is  the  method  presently  implemented  in  HeteroData.  The  definitions  are 
coded  precisely  as  described,  so  that  a  revision  to  the  GaAs/InAs  heteroj  unction  align¬ 
ment  would  shift  the  absolute  energies  of  InAs,  GaSb  and  AlSb,  but  would  not  change  the 
(relative)  band  alignment  at  the  InAs/GaSb,  InAs/AlSb  or  GaSb/AlSb  heterojunctions. 

One  remaining  issue  is  how  the  band  offsets  should  be  interpolated  for  heteroj  unc¬ 
tions  involving  alloys.  The  results  of  Batey  and  Wright  (1985)  demonstrate  that  in  the 
GaAs/Al^Gai_a;As  system,  the  valence  bands  vary  linearly  with  composition.  An  extrap¬ 
olation  of  these  results  produces  a  rule  to  the  effect  that  the  valence  bands  of  alloys  are 
always  interpolated  linearly,  and  any  bowing  is  included  in  the  absolute  conduction-band 
energies. 

The  notion  of  a  universal  energy  scale,  to  the  extent  that  it  is  consistent  with  ex¬ 
perimental  data,  is  quite  powerful  in  the  present  context.  For  example,  the  correlation 
between  heterojunction  band  alignments  and  deep  impurity  levels  observed  by  Langer 
and  Heinrich  (1985)  provides  a  rule  for  inferring  deep  level  energies  in  alloys  and  for 
impurity/semiconductor  combinations  that  have  not  been  experimentally  reported.  The 
rule  is  simply  that  the  impurity-state  energy  is  fixed  in  absolute  energy. 

4  Quaternary  Alloys 

Quaternary  alloys  such  as  In^Gai_a:AsyPi_y  and  AUGayIni_x-yAs  present  a  special  prob¬ 
lem  for  the  HeteroData  system.  These  materials  are  usually  much  less  well-studied 
that  the  component  ternary  systems,  so  their  properties  must  usually  be  inferred  from 
the  component  ternaries.  Note  that  there  are  two  classes  of  quaternaries,  of  the  form 
Aa;Bi_2:CyDi_y  (wMch  we  will  refer  to  as  the  2x2  case)  and  A^B^Ci-x’-yD  (which  we 
will  call  the  3x1  case).  The  interpolation  formula  for  the  2  x  2  case  is  straightforward 
(Adachi,  1992): 

PiA,B,..CyD^.y)  =  {x(l-x)[yPiAyB,.,C)  +  (l-y)P{A,B,..D)] 

+  y{l-y)[xP{ACyD^.y)  +  {l-x)P(CyD,-y)]]  (1) 

/  [a:(l- a:) +  y(l -!/)), 

where  P  represents  some  property  of  the  semiconductor  material. 

For  the  3x1  case  we  have  derived  an  interpolation  formula  based  upon  a  geometric 
model  involving  barycentric  coordinates  in  an  equilateral  triangle  (a  well-known  conven¬ 
tion  for  plotting  the  properties  of  three-component  mixtures).  The  resulting  formula, 
presuming  x  -{■  y  z  —  is  given  by: 

P(A,ByC,D}  =  [xyP{A:,+:,/2By+,/2D)  +  yzP{By+,/2C,+./2D)  +  P{C,+y/2Ar+yi2D)] 

/  (xy  +  yz  +  zx).  (2) 
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Functions  implementing  these  coefficients  are  built  into  the  HeteroData  system. 

5  Needed  Refinements 

One  significant  question  about  the  present  organization  of  HeteroData  concerns  the  va¬ 
lidity  of  the  universal  energy  scale  assumption  for  heterostructures.  This  assumption  is 
valid  if  the  experimental  band  alignments  can  be  shown  to  conform  to  the  mathemati¬ 
cal  properties  of  an  equivalence  relation:  symmetry,  reflexivity,  and  transitivity.  In  the 
context  of  heterojunctions,  symmetry  means  that  there  is  no  band  discontinuity  at  the 
junction  between  a  semiconductor  and  itself;  since  in  this  case  there  is  no  junction,  this 
property  is  always  satisfied.  Reflexivity  means  that  the  same  alignment  is  obtained  if 
the  ordering  of  the  materials  is  reversed,  and  transitivity  means  that  the  band  alignment 
at  a  junction  AC  is  equal  to  the  superposition  of  the  alignments  at  junctions  AB  and 
BC  (Frensley  and  Kroemer,  1977).  It  appears  that  transitivity  is  satisfied  in  those  cases 
for  which  high-quality  interfaces  have  been  grown  (Yu  et  a/.,  1992).  However,  there  are 
experimental  indications  that  reflexivity  is  violated  to  the  level  of  a  few  hundredths  of  eV 
in  some  systems  (Waldrop  et  al,  1992;  Waterman  et  a/.,  1993).  (The  term  “commutativ¬ 
ity”  has  also  been  used  in  the  literature  to  describe  this  test.)  One  should  also  note  that 
the  transitivity  test  is  significantly  complicated  by  strain  effects  at  lattice-mismatched 
heterojunctions. 

The  implication  of  this  for  the  HeteroData  system  is  that  it  should  be  expanded 
to  permit  storage  of  information  by  interface,  as  well  as  by  material.  This  is  possible 
within  the  present  software  design,  but  it  is  not  yet  clear  whether  the  added  burden  of 
searching  the  much  larger  space  of  interfaces  would  require  a  more  specialized  mechanism 
to  acheive  adequate  performance. 

6  Summary 

The  HeteroData  system  provides  a  framework  within  which  the  detailed  properties  of 
semiconductor  heterostructures  may  be  encoded  and  made  available  to  both  simulation 
programs  and  human  users.  The  organization  of  any  heterostructure  database  system  is 
significantly  complicated  by  the  prevalence  of  semiconductor  alloys  whose  composition 
spans  a  continuum.  The  mechanisms  built  into  HeteroData  provide  the  means  to  deal 
with  this  complication,  and  to  estimate  parameters  for  which  experimental  data  are  not 
available. 

This  work  was  supported  in  part  by  the  Advanced  Research  Projects  Agency,  via 
subcontracts  from  Texas  Instruments,  monitored  by  the  Air  Force  Wright  Aeronautical 
Laboratory,  and  the  University  of  California  at  Santa  Barbara,  monitored  by  the  U.  S. 
Army  Research  Office. 
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Steady-state,  dynamic  and  spectral  performance  of  microcavity 
surface-emitting  strained  quantum-well  lasers 

Igor  Vurgaftman  and  Jasprit  Singh 

Solid  State  Electronics  Laboratory,  Department  of  Electrical  Engineering  and 
Computer  Science,  University  of  Michigan,  Ann  Arbor,  MI  48109-2122,  USA 

Abstract.  We  examine  the  modifications  in  the  spontaneous  emission  pattern 
of  a  microscopic  cavity  semiconductor  laaer  in  the  surface-emitting  geometry 
and  their  influence  on  the  laser  characteristics.  We  find  that  the  threshold 
current  density  can  be  reduced  to  60  A/cm^  for  a  laser  embedded  in  a  cavity 
with  a  transverse  dimension  of  0.5  fdm,  while  the  -3dB  modulation  frequency 
exceeds  20  GHz  for  a  moderate  injected  current  density  of  600  A/cm^,  allow¬ 
ing  high-speed  operation  without  laser  heating  that  normally  accompanies  high 
current  injections.  Linewidths  of  several  hundred  MHz  at  moderate  power 
levels  are  calculated  for  microcavity  lasers  resulting  from  a  balance  of  the 
enhancement  of  the  fraction  of  spontaneous  emission  coupling  into  the  lasing 
mode  and  of  the  reduction  of  the  linewidth  enhancement  factor  in  the  strained 
active  region. 


1.  Introduction 

Spontaneous  emission  from  excited  states  is  an  intrinsic  quantum  process  that  can  be  derived 
from  thermodynamic  considerations.  It  is  crucial  to  laser  operation  in  that  spontaneously  emit¬ 
ted  photons  fed  back  into  the  cavity  from  the  mirrors  provide  a  necessary  source  for  initiating 
stimulated  emission.  Laser  pioneers  realizing  the  difficulty  of  constructing  a  cavity  with  all 
dimensions  of  the  order  of  the  optical  wavelength  proposed  multimode  cavities  in  which  a  large 
number  of  modes  of  the  electromagnetic  field  may  couple  radiatively  to  the  lasing  transition  in 
the  active  medium  [1].  Mode  selection  in  such  a  cavity  is  accomplished  by  the  dispersion  in  the 
optical  gain  for  photons  traversing  the  cavity  and/or  in  the  cavity  quality  factor  for  the  various 
modes.  The  disadvantage  of  multimode  cavities  is  that  intense  pumping  of  the  active  medium 
is  required  to  overcome  the  radiation  loss  into  the  modes  whose  gain  and  feedback  parameters 
are  suboptimal  before  a  phase  transition  to  an  ordered  state  of  stimulated  emission  into  the 
lasing  mode  can  take  place. 

Until  very  recently,  aU  semiconductor  lasers  were  ba.sed  on  the  macroscopic  cavities  with 
the  fraction  of  spontaneous  emission  into  the  lasing  mode  in  the  10““^  —  10“®  range.  Following 
the  latest  developments  in  the  fabrication  technology,  a  number  of  microcavity  laser  diodes 
have  been  proposed  and  fabricated.  One  of  the  most  promising  configurations  is  one  based 
on  the  surface- emitting  geometry,  in  which  two  high-reflectivity  multilayer  mirrors  composed 
of  quarter-wavelength  stacks  of  materials  with  dissimilar  refractive  indices  are  constructed 
perpendicular  to  the  substrate  surface  separated  by  an  integral  number  of  half- wavelengths.  A 
standing-wave  mode  at  the  Bragg  wavelength  is  formed  in  the  one- dimensional  electromagnetic 
bandgap  with  its  maximum  overlapping  the  active  region  placed  midway  between  the  mirrors 
[2]  (see  Fig.  1).  If  the  transverse  dimension  of  the  cavity  is  brought  down  to  the  optical 
wavelength,  the  fraction  of  spontaneous  emission  into  the  lasing  mode  can  be  increased  by 
several  orders  of  magnitude.  If  the  cavity  can  be  made  truly  single-mode,  then,  disregarding 
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cavity  losses,  any  emitted  photon  induces  subsequent  stimulated  emission  and  a  transition  to 
the  ordered  state.  Therefore,  the  steady-state  photon  density  in  the  cavity  is  linear  m  the 
pumping  intensity,  or  injected  current  density. 


Fig.  1.  The  surface-emitting  microscopic  laser 

cavity.  Adapted  from  Ref.  2. 


Fig.  2.  The  photon  density  of  states  for  TE 
i  TM  polarized  modes  in  a  0.5  /jm  cavity  and 


2.  Results 

2.1.  Photon  density  of  states 

To  quantify  the  qualitative  discussion  above,  it  is  necessary  to  calculate  the  spontaneous  emis¬ 
sion  rate  for  all  the  modes  and  use  its  value  in  the  static  and  dynamic  analysis  of  the  laser 
operation.  Insofar  as  spontaneous  emission  is  a  consequence  of  the  coupling  between  the  elec¬ 
tromagnetic  held  constrained  by  the  cavity  boundary  conditions  and  of  the  inverted  transitions 
in  the  active  medium,  it  requires  a  solution  of  wave  equation  in  the  laser  cavity  as  weU  as  of  the 
bandstructure  in  the  active  layer.  In  the  surface-emitting  cavity  with  15.5  pairs  of  AlAs/GaAs 
alternating  stacks  with  a  reflectivity  of  0.991  at  normal  incidence,  the  former  is  most^  easily 
accomplished  by  separating  the  wave  equation  in  the  transverse  and  longitudinal  coordinates. 
The  longitudinal  problem  is  complicated  by  the  presence  of  a  large  number  of  layers  and  is 
treated  by  the  transfer  matrix  technique  [2].  The  transverse  solution  is  analytical  for  a  square 
cross-section  of  the  laser  structure  and  given  by  linear  combinations  of  standing  waves.  The 
final  cavity  modes  are  taken  as  crosspoints  of  the  longitudinal  and  transverse  modes.  Three 
classes  of  modes  are  recovered:  1)  resonant  modes  discussed  above;  2)  leaky  modes  beyond 
the  ID  bandgap;  3)  horizontally  propagating  modes.  Of  these,  only  the  leaky  modes  form  a 
continuum.  Since  the  spontaneous  emission  rate  is  proportional  to  the  photon  density  of  states, 
the  latter  is  found  by  assuming  the  Lorentzian  profile  for  discrete  modes  and  an  appropriately 
normaUzed  density-of-states  function  for  continuous  ones  and  integrating  over  all  allowed  cavity 
modes.  The  photon  density  of  states  in  a  0.5  fim  cavity  is  shown  in  Fig.  2.  The  interestmg 
features  are  the  formation  of  the  staircase-bke  structure  reminiscent  of  the  electronic  subbands 
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in  quantum  wells,  the  emission  resonances  near  the  TE  and  TM  modes,  and  the  overall  de¬ 
crease  in  the  emission  rate  due  to  insufficient  filling  of  the  photon  wavevector  space  by  discrete 
transverse  modes. 

2.2.  Spontaneous  emission  rate 

It  has  been  shown  that  strained  quantum-well  lasers  are  capable  of  the  best  threshold- current 
and  modulation  performance  of  all  currently  practical  semiconductor  lasers.  The  valence-band 
electronic  states  of  the  quantum-well  layer  are  calculated  from  a  4-band  k*p  method  in  conjunc¬ 
tion  with  the  deformation  potential  theory.  The  material  gain  spectrum  is  then  found  using  the 
Fermi  Golden  Rule  and  assuming  that  the  conduction-band  effective  mass  is  unaffected  by  the 
introduction  of  strain.  Since  light  polarized  perpendicular  to  the  direction  of  epitaxial  growth 
couples  solely  to  electron-light  hole  transitions,  the  gain  for  this  polarization  is  suppressed  in 
the  vicinity  of  the  band  edge.  Combining  the  knowledge  of  the  electronic  states  with  the  re¬ 
sults  for  the  photon  density  of  states,  the  spontaneous  emission  rate  due  to  electron-hole  pair 
recombination  is  given  by  (in  cgs  units)  [3]: 

E  /  ^  I.- . 

u  n,m  cr,£ 

xpi{ho,)S{E‘(k)  -  £i(k)  -  &.;)[r(£'(k))][l  -  /"(fi^iCk))],  (1) 

where  pi  is  the  (in  general)  polarization-dependent  photon  density  of  states,  and  P„,7i(k)  is 
the  momentum  matrix  element  between  the  nth  subband  in  the  conduction  band  and  the  mth 
subband  in  the  valence  band  for  the  in-plane  wavevector  k.  The  resulting  spontaneous  emission 
rate  is  shown  in  Fig.  3  for  TE  and  TM  polarizations.  While  spontaneous  emission  is  enhanced 
around  the  resonant  peak,  it  is  suppressed  elsewhere.  As  a  result,  the  radiative  lifetime  in  the 
cavity  increases. 
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Fig.  3.  The  spontaneous  emission  rate  for  TE 
and  TM  polarizations  in  a  0.5  cavity  and  in 
absence  of  a  cavity. 
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Fig.  4.  The  photon  density  vs.  the  current 
density  for  0.5  and  1.0  pm  cavities. 
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2.3.  Steady-state  performance 


The  steady-state  solutions 


of  the  multimode  rate  equations  are  studied: 

Rsp,i,Tn  (^) _ , 


i25p(n)[i + 


-Rsp,e,m(^)rg(^} i 
'  Rsp{n)[ac  -  Tg{n,  Em)] 


(2) 

(3) 


where  Si  m  is  the  photon  density  per  unit  area  in  mode  m  of  i  polarization,  Rsp,i,m  is  the 
spontaneous  emission  rate  into  the  mode,  Rsp  =  Ef,m  RspAm  is  the  total  spontaneous  enussion 
rate,  n  is  the  carrier  density,  is  the  total  cavity  loss,  and  T  is  the  optical  confinement 
factor  assumed  to  be  proportional  to  the  quantum  well  width  for  narrow  weRs,  and  taken  to 
be  1.25%  in  these  calculations.  The  spontaneous  emission  couphng  factor  {Rsp.e.m/ Rsp)  tor  the 
main  mode  is  «  0.1  for  the  0.5  ^m  cavity  decreasing  to  0.05  for  the  1.0  /im  cavity.  Only  the 
resonant  modes  need  be  included  in  the  calculation  since  any  photons  emitted  into  the  leaky 
and  propagating  modes  wiR  immediately  escape  from  the  cavity. 

The  photon  density  as  a  function  of  the  injected  current  density  is  shown  in  Fig.  4  or 
several  transverse  cavity  widths.  The  curvature  in  the  Rght-current  characteristic  persists  even 
though  the  only  excited  resonant  mode  is  the  main  mode  owing  to  the  photon  losses  m  the 
leaky  and  propagating  modes.  The  threshold  current  density  defined  as  the  extrapolated  inter¬ 
section  of  the  Rght-current  curve  with  zero  photon  density  is  found  to  be  «  60  A/cm  m  the 
0.5  /xm  cavity,  80  A/cm^  in  the  1.0  [im  cavity,  increasing  to  200  A/cm^  for  the  macroscopic 
cavity  surface- emitting  laser. 


2.4.  Large- signal  modulation  performance 

The  large-signal  modulation  performance  of  semiconductor  lasers  can  be  addressed  by  nu¬ 
merically  integrating  the  rate  equations  with  the  current  source  turned  on  to  a  certain  value 
at  time  0,  The  multimode  rate  equations  are  as  foRows: 

—  =  [Tg{n,  Em)  ~  0:c]( - )Ri,Tn  "f  R$p,i,m{'^i  ^m)  (^) 

dt  % 

^  =  R^{n)  -  {—)  Em)Si,,n,  (5) 

where  the  symbols  have  been  defined  in  the  previous  subsection.  FoRowmg  the  switching  event 
there  is  an  interval  (the  turn-on  time),  in  which  the  photon  and  electron  densities  undergo 
increase  and  fluctuations  before  settRng  to  the  steady-state  values.  The  rate  of  increase  of 
the  electron  density  is  Rmited  by  the  injected  current  density,  as  can  be  seen  from  (5).  UntR 
the  electron  density  reaches  its  transparency  value,  stimulated  emission  is  nonexistent,  and  the 
photon  density  is  constrained  to  remain  close  to  zero.  Therefore,  the  increase  m  the  spontaneous 
emission  couphng  factor  is  not  expected  drasticaRy  to  affect  the  turn-on  delay  time.  However, 
in  multimode  lasers,  mode  competition  foRowing  turn-on  may  increase  the  relaxation  time  by 
as  much  as  an  order  of  magnitude[4l.  Since  weR-designed  microcavity  lasers  are  intrinsic^y 
single-mode,  the  relaxation  time  is  given  by  the  time  in  which  the  total  photon  density  reaches 
its  steady-state  value. 

Detailed  numerical  simulations  show  that  the  turn-on  time  for  the  0.5  /xm  micro  cavity  aser 
is  close  to  1  ns,  while  it  may  exceed  10  ns  in  300  /xm-long  Fabry- Perot  lasers,  if  the  comparison 
is  done  in  terms  of  the  final  output  power.  If  the  turn-on  time  is  made  in  terms  of  the  final 
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current  density  value,  the  advantage  of  the  microcavity  laser  is  greater  still  owing  to  its  small 
threshold  current  density. 

2.5.  Small-signal  modulation  performance 

The  smaU-signal  frequency  response  of  the  0.5/zm-wide  microcavity  laser  is  shown  in  Fig.  5  as  a 
function  of  the  average  injected  current  density  and  the  total  photon  density.  The  microcavity 
laser  is  modulated  by  a  sinusoidal  waveform  at  current  densities  2,  5  and  10  times  that  at 
threshold  (120,  300  and  600  A/cm^  respectively).  As  expected  from  the  simple  expressions 
for  the  relaxation  oscillation  frequency  and  the  damping  factor,  both  increase  with  a  higher 
bias  point.  The  resonance  frequencies  for  the  current  densities  2,  5  and  10  times  the  threshold 
current  density  are  3.2,  7.5  and  14.0  GHz  respectively.  The  corresponding  damping  factors 
are  5.7,  10.4  and  22.3  ns“^.  The  -3dB  modulation  frequencies  are  4.9,  11.6  and  21.5  GHz 
respectively.  The  resonance  frequecies  calculated  for  the  microcavity  lasers  exceed  those  in 
300  )Ltm-long  edge-emitting  Fabry-Perot  lasers  with  an  identical  active  region  [4].  The  increase 
in  the  relaxation  oscillation  frequency  may  be  attributed  to  a  higher  spontaneous  emission 
coupling  factor.  It  is  particularly  to  be  noted  that  a  low  threshold  current  density  for  the 
microcavity  laser  allows  high  modulation  frequency  results  to  be  obtained  at  relatively  low 
values  of  the  injected  current  density.  Therefore,  the  heating  effects  which  set  an  upper  limit 
to  the  current  that  can  be  injected  into  the  lapsing  structure  are  expected  to  be  much  less  in 
evidence  in  microcavity  lasers.  Note,  however,  that  the  present  calculation  ignores  the  effects 
of  the  particular  design  of  the  laser  structure  which  may  lead  to  additional  heating,  the  effects 
of  the  device  parasitics  and  the  influence  of  gain  compression  at  high  photon  densities  which 
sets  another  upper  limit  on  the  maximum  modulation  frequency.  Recent  calculations  of  the 
former  limit  have  shown,  however,  that  it  is  much  higher  that  the  best  modulation  frequency 
results  in  semiconductor  lasers  [5]. 

2.6.  Spectral  linewidth 

The  modified  Schawlow- Townes  formula  [1],[6]  for  the  laser  linewidth  may  be  expressed  in 
terms  of  the  spontaneous  emission  rate  into  the  lasing  mode  and  the  photon  density  in  the 
cavity  as  follows: 

S^ST  =  ^{l  +  c^),  (6) 

where  a  is  the  linewidth  enhancement  factor: 

_  dxR(n)fdn 
dxi{n)ldn  ’ 

where  XR  xi  si-re  the  real  and  imaginary  parts  of  the  susceptibility  respectively. 

Although  the  spontaneous  emission  rate  into  the  lasing  mode  in  microcavity  surface- emitting 
lasers  is  obviously  considerably  increased,  the  linewidth  enhancement  factor  is  determined  by 
the  strained  active  layer  and  is  found  to  have  a  low  value  of  1.25.  Moreover,  the  total 
spontaneous  emission  rate  is  decreased,  a  phenomenon  also  reflected  in  the  reduction  of  the 
threshold  current  density.  Additionally,  significantly  lower  current  injections  are  needed  to 
achieve  comparable  power  outputs  in  microcavity  lasers  in  contrast  with  conventional  lasers. 
Detailed  calculations  show  that  for  moderate  injections  the  microcavity  laser  linewidth  is  of  the 
order  of  several  hundred  MHz  (see  Fig.  6).  This  value  shows  that  in  spite  of  the  appearance 
of  proportionality  between  the  spontaneous  emission  coupling  factor  and  the  laser  linewidth  in 
the  Schawlow- Townes  expression^  tolerable  linewidths  may  be  obtained  in  microcavity  lasers 
provided  a  strained  quantum  well  is  used  as  the  active  region. 


764 


3.  Conclusions 

In  this  paper,  we  have  examined  the  steady-state,  modulation  and  spectral  performance  char¬ 
acteristics  of  microcavity  surface-emitting  lasers  with  a  strained  quantum-well  active  region. 
The  elfect  of  the  modified  photon  density  of  states  on  the  light-current  curve  is  to  lower  the 
threshold  current  density  point.  Although  the  latter  can  be  decreased  to  60  A/cm  in  0.5/im- 
wide  structures,  the  features  achievable  with  the  current  fabrication  technology  are  insufficient 
to  realize  truly  “thresholdless”  lasers  in  the  surface-emitting  geometry.  The  large-signal  modu¬ 
lation  performance  in  microcavity  lasers  is  also  beneficially  affected  by  the  elimination  of  mode 
competition  at  the  laser  turn-on  point.  Small-signal  modulation  frequencies  in  excess  of  20  GHz 
may  be  achieved  at  moderate  current  injections  (600  A/cm^).  The  spectral  hnewidth  of  micro¬ 
cavity  lasers,  although  broadened  as  predicted  by  the  Schawlow-Townes  formula,  can  be  kept 
to  a  moderate  level  of  several  hundred  MHz  by  a  proper  design  of  the  strained  quantum-well 
active  region. 

Microcavity  surface-emitting  lasers  represent  an  extremely  attractive  next  step  in  the 
surface-emitting  laser  technology  and  the  semiconductor  laser  technology  in  general  by  virtue  of 
their  superior  cw  and  modulation  performance.  Experimental  effort  should  be  directed  towards 
practical  realizations  of  these  lasers  in  high-density  arrays  with  low  power  consumption. 


FREQUENCY  (GHz) 


Fig.  5.  The  small-signal  frequency  response  Fig.  6.  The  spectral  linewidth  for  0.5  and  1.0 

for  current  densities  2,5,  and  10  times  that  at  /im  microcavities,  bulk  and  strained-quantum- well 
threshold  (120,  300  and  600  A/cm^  respectively).  layer  DFB  lasers. 
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Abstract:  A  new,  Monte  Carlo  based  simulation  technique  is  described  and  applications  to 

quantum  well  lasers  are  presented.  The  technique  treats  the  dynamics  of  2D  electrons  as  well  as  the 
phonons  and  photons  to  which  they  are  coupled.  It  begins  by  pre-computing  a  transition  matrix 
by  Monte  Carlo  techniques.  Initial  conditions  are  then  defined,  and  the  system  dynamics  are 
simulated  by  simple  matrix  multiplication.  The  approach  provides  essentially  the  same  physics  as 
a  Monte  Carlo  simulation,  but  treats  a  wider  range  of  timescales  and  essentially  eliminates 
statistical  noise.  Simulations  which  examine  the  influence  of  hot  phonon  effects  on  the 
performance  of  quantum  well  lasers  are  presented. 


1.  Introduction 

Quantum  well  laser  dynamics  is  currently  a  topic  of  considerable  interest  because  the 
modulation  bandwidth  of  quantum  well  lasers  remains  far  below  the  initial  predictions.  Extensive 
experimental  studies  have  probed  various  aspects  of  laser  dynamics  including  carrier  transport  in 
the  separate  confinement  region,  carrier  capture  in  the  quantum  wells,  the  relaxation  dynamics  of 
confined  electrons,  hot  phonon  effects,  and  photon  propagation  in  the  Fabry  Perot  cavity  [1]. 
Phenomenological  models  with  adjustable  parameters  are  often  used  to  interpret  experimental 
results,  but  the  parameters  vary  from  model  to  model  and  a  comprehensive  and  detailed 
understanding  is  still  lacking.  Monte  Carlo  studies  have  been  reported  [2],  but  the  statistical  noise 
and  the  difficulty  of  treating  a  wide  range  of  time  scales  limits  the  number  of  problems  that  can  be 
addressed.  While  the  general  features  of  the  problem  are  now  understood,  a  quantitative 
understanding,  which  is  necessary  for  designing  high-performance  devices,  is  essential.  In  this 
talk,  we  describe  a  new,  Monte  Carlo  based  simulation  technique  and  use  it  to  examine  the  effects 
of  hot  phonons  on  quantum  well  laser  dynamics. 


2.  Theory 

To  simulate  the  dynamics  of  electrons  in  quantum  wells,  we  have  developed  a  Transition 
Matrix  Approach  (TMA),  which  provides  a  semiclassical  description  of  confined  electrons  [3]. 
The  basic  ideas  are  illustrated  in  Fig.  1.  Momentum  space  for  each  subband  is  first  discretized  into 
bins  in  energy  and  angle  as  illustrated  in  Fig.  1.  (Since  the  in-plane  field  is  zero  for  this  example, 
there  is  actually  no  need  to  resolve  the  angle  in  momentum  space.)  Consider  a  group  of  electrons 
located  in  bin  j  at  time,  t,  as  shown  in  the  shaded  box.  At  time  t  +  At  these  electrons  will  have 
made  transitions  to  other  bins  in  the  same  and  other  subbands.  We  can  transform  the  Boltzmann 
equation  into  an  equation  relating  the  population  of  a  bin  in  momentum  space,  Ni(t  +  At),  to  the 
population  of  the  bins  at  time,  t,  by  forward  differencing  it  in  time  and  by  integrating  over  the  area 
of  each  bin  to  obtain 
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N  (t+At)  =  X  Pi:N  (t), 

1  j  U  J 


(1) 


where  Pij  is  the  probability  that  an  electron  in  bin  j  make  a  transition  to  bin  i  in  a  time  At,  and  the 
sum  over  j  runs  over  all  the  momentum  space  bins  in  all  the  subbands.  It  is  readily  shown  that  Eq. 

(1)  applies  only  when  At «  x,  where  x  is  the  scattering  rate.  The  transition  matrix  elements,  Pij, 
can  be  directly  related  to  the  scattering  processes  as  described  by  S(p,  p’  ),  but  we  find  it  more 
convenient,  however,  to  evaluate  Pu  by  direct  Monte  Carlo  simulation.  A  large  number  of 
electrons  is  injected  in  bin  j  and  tracked  by  2D  Monte  Carlo  simulation  (e.g.  [4])  for  a  time  At .  By 
noting  the  number  of  electrons  in  each  bin  at  t  =  At,  Py  is  evaluated  by  taking  simple  ratios.  The 
transition  matrix  is  pre-computed,  stored,  then  used  repeatedly  for  simulation.  Initial  conditions 
are  defined,  and  electron  dynamics  are  then  simulated  according  to  Eq.  (1)  by  simple  matrix 
multiplication.  Because  Pij  is  evaluated  once  (or  infrequently),  the  time-consuming  Monte  Carlo 
simulation  is  amortized  over  many  simulations,  and  because  a  large  number  of  electrons  can  be 


Fig.  1  Illustration  of  the  transition  matrix  approach.  Momentum  space  for  each  subbpd  ii 

divided  into  a  finite  number  of  bins.  Assume  that  the  electrons  in  bin  i  at  time, 
(the  black  bin  above).  At  time  t  +  At,  electron  scattering  events  will  cause  the 
distribution  to  spread.  If  Nj  are  injected  in  bin  i  at  t  =  0  and  Nj  appear  in  bin  j  at  t  = 
At,  then  the  transition  matrix  element  is  Pji.  The  transition  matrix  is  precomputee 
by  conventional  Monte  Carlo  simulation  then  stored  and  used  for  subsequen 
simulations. 


Nonlinear  effects  such  as  band  filling,  electron-electron  scattering,  and  hot  phonons  canno 
be  treated  with  the  simple  technique  as  described  above  because  these  effects  depend  on  knowing 
the  evolving  distribution  carrier  distribution.  To  illustrate  how  these  effects  are  included,  conside 
electron-electron  scattering.  The  transition  rate  for  electrons  in  state  p  scattering  to  p’  fron 
electrons  initially  at  po  which  scatter  to  po’  can  be  separated  into  two  factors,  one  that  i 
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independent  of  the  carrier  distribution  and  one  that  accounts  for  the  initial  and  final  state 
occupancies  and  for  screening  and  which  depends  on  the  carrier  distribution.  From  the 
distribution-independent  factor,  we  pre-compute  by  direct  Monte  Carlo  simulation  a  transition 
matrix,  Pijki,  which  give  the  probability  that  an  electron  in  bin  j  make  a  transition  to  bin  i  by 
scattering  from  an  electron  in  bin  1  which  then  makes  a  transition  to  bin  k.  While  evaluating  Pijki, 
we  assume  that  the  target  electron  is  always  present  (fj  =  1)  and  that  the  final  states  are  always 
empty  (fi  =  fk  =  0).  Using  the  pre-computed  electron-electron  transition  matrix,  we  then  update  the 
bin  populations  at  t  =  t  +  At  according  to 

N,(t  +At)  =  P:.N.(t)  +  (1  -  f.(t))  ^  P..,, [f,(t)(l  -  f,(t))]  N .(t) .  (2) 

In  Eq.  (2),  P’li  is  Pii  renormalized  so  that  particles  are  conserved.  Similar  techniques  are  used  to 
treat  other  nonlinear  effects,  such  as  bandfilling. 

As  carriers  relax  in  energy,  they  emit  optical  phonons,  and  the  resulting  non-equilibrium 
phonon  population  has  a  strong  influence  on  carrier  relaxation  [1,2].  The  electron  system  is  also 
coupled  to  the  photon  population  in  the  laser  cavity.  Rate  equations  for  both  phonons  and  phonons 
can  be  discretized  and  solved  by  a  similar  transition  matrix  approach.  Note  that  electron  scattering 
by  phonon  absorption  and  emission  produced  recombination-generation  terms  for  phonons,  and 
optical  absorption  and  emission  produces  similar  recombination-generation  terms  for  electrons. 

Having  outlined  the  basic  approach  for  treat  electron,  phonon,  and  photon  dynamics,  we 
briefly  describe  the  simulation  process.  We  begin  by  discretizing  momentum  space  for  electrons 
and  phonons  and  wavevector  space  for  photons.  Electron-phonon  (Py),  electron-electron  (Pijki), 
and  phonon  generation-recombination  transition  matrices  are  precomputed  by  direct  2D  Monte 
Carlo  simulation.  Initial  conditions  are  defined,  then  the  electron  distribution  is  updated  by 
splitting  the  effects  of  electron-phonon  and  electron-electron  scattering.  The  electron  distribution  is 
first  updated  for  phonon  scattering  using  Eq.  (1)  adjusted  for  band  filling,  then  the  distribution  is 
updated  for  electron-electron  scattering  by  Eq.  (2).  This  splitting  of  the  scattering  operator  can  be 
justified  as  long  as  the  timestep  At  is  much  less  than  the  average  time  between  scattering  events. 
After  updating  the  electron  population,  the  optical  phonon  and  the  photon  populations  are  updated 
by  solving  similar  procedures.  The  process  continues  at  timesteps  of  At  (typically  10-20  fs)  until 
steady  state  is  achieved. 


3.  Simulation  Results 

To  illustrate  the  technique,  we  present  dynamic  phonon  distributions  in  a  GaAs  quantum 
well  laser.  For  this  model  simulation,  the  quantum  well  was  80  A  wide  with  a  potential  barrier  of 
0.600  eV.  We  treated  electron-electron  scattering  with  a  non-equilibrium  phonon  population.  We 
assumed  a  quasi-equilibrium  distribution  of  holes  and  evaluated  optical  transitions  using  a  4x4  k  • 
p  valence  bandstructure.  Figure  2  displays  the  computed  phonon  distributions  at  three  different 
times.  In  this  particular  simulation,  the  laser  was  biased  in  the  amplifier  mode  with  a  carrier 
density  of  3.21  x  10^^  m'^.  When  a  step  light  pulse  (S  =  8.5  x  10^^  m'^)  is  introduced  in  the 
cavity,  a  spectral  hole  develops  in  the  distribution  function.  To  fill  the  spectral  hole,  electrons  with 
large  kinetic  energy  begin  to  relax  from  the  top  of  the  quantum  well  giving  off  small  wavevector 
phonons.  As  the  electrons  continue  to  lose  their  energy,  the  phonons  emitted  begin  to  have  larger 
wavevectors,  so  that  the  population  at  these  wavevectors  go  up  as  can  be  seen  in  Fig.  2.  Finally,  a 
steady  state  distribution  is  reached  when  the  rate  of  phonon  loss  and  the  rate  of  phonon  generation 
balances  each  other.  The  most  important  point  to  note  from  this  simulation  is  that  the  phonon 
distribution  cannot  be  modeled  with  a  single  temperature  which  is  often  assumed  in  simple  rate 
equation  analysis  [5]. 
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LO  Phonon  Distributions 


Fig,  2  Computed  optical  phonon  distribution  functions  as  a  function  of  wavevector,  q,  at 

three  different  times  after  the  introduction  of  an  optical  pulse. 


4.  Summary 

In  summary,  we  have  described  a  new,  Monte  Carlo  based  simulation  technique  which  is 
especially  well-suited  for  quantum  well  lasers.  By  using  pre-computed  transition  matrices,  the 
time-consuming  Monte  Carlo  simulations  can  be  performed  once,  with  high  precision,  then  used 
repeatedly  for  simulations.  The  technique  virtually  eliminates  statistical  noise,  treats  both  fast  and 
slow  phenomena,  and  provides  an  excellent  computational  efficiency.  A  key  issue  in  the  further 
development  of  the  technique  will  be  to  encorporate  an  appropriate  description  of  important  many 
body  effects  [6].  State  filling  and  broadening  are  already  treated  and  a  phenomenological  bandgap 
renormalization  can  also  be  included,  but  the  role  of  dynamic  screening  in  the  coupled 
phonon/electron  system  also  needs  to  be  addressed.  With  a  careful  consideration  of  such  effects, 
the  approach  should  provide  a  physically  detailed  treatment  of  carrier  transport,  capture,  and 
relaxation  in  quantum  well  lasers. 
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Abstract 

We  present  theoretical  calculations  of  the  dielectric  function  €{<jo)  of  Ino.53Gao.47As/I11P 
superlattices,  using  the  empirical  tight-binding  (TB)  description  of  electronic  states. 
We  demonstrate  that  the  absorption  spectra  of  the  constituent  bulk  materials  can  be 
reproduced  very  well  with  an  appropriate  choice  of  Vcdues  for  optical  matrix  elements 
between  (TB)  basis  functions.  These  parameters  then  yield  the  absorption  spectra  of 
superlattices.  We  have  computed  the  imaginary  part  of  the  dielectric  function,  £2(‘^)? 
for  ultrathin  (Ino.53Gao.47As)n/(InP)Ti  superlattices,  for  =  1,2,  and  3.  It  is  found 
to  be  almost  identical  in  aU  3  cases.  The  dominant  Ei  and  E2  peaks  of  £2(^)  of  the 
superlattices  are  located  in  between  the  corresponding  peaks  of  bulk  Ino.53Gao.47As 
and  InP.  £2(^)  is  found  to  be  identical  for  light  polarized  parallel  or  perpendicular  to 
growth  direction. 


I  Introduction 

Inj;Gai_a;As  alloys  and  their  heterostructures  with  wider  bandgap  semiconductors  such  as 
InP  have  emerged  as  important  materials  for  optoelectronic  applications  during  the  past 
two  decades.  Examples  of  such  applications  include  photo  detectors,  LED’s  and  double¬ 
heterostructure  lasers  for  low-loss,  low- dispersion  optical  fiber  communication.  Many  of  these 
applications  require  a  knowledge  of  the  dielectric  function  £(u)  [1],  which  is  a  fundamental 
material  parameter  related  to  the  energy  band  structure  and  optical  matrix  elements  between 
valence  and  conduction  band  states.  In  bulk  semiconductors  e:(cx;)  is  adequately  modeled  by 
analytic  expressions  derived  using  k  •  p  theory.  Here  the  dominant  contribution  to  £:(a;) 
comes  from  interband  critical  points  [2,  3].  The  contribution  from  each  critical  point  may 
be  calculated  using  parabolic  energy  bands  and  a  constant  momentum  matrix  element. 
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The  k  •  p  theory,  however,  is  not  well  suited  to  derive  the  dielectric  function  of  super¬ 
lattices  for  two  reasons.  Firstly,  it  describes  the  band  structure  of  the  host  materials  only 
around  one  symmetry  point.  Thus  one  cannot  take  into  account,  in  a  straightforward  man¬ 
ner,  important  effects  of  band  mixing  in  heterostructures.  Secondly,  using  effective  mass 
theory  is  unreliable  for  short-period  superlattices. 

Optical  properties  arise  from  interband  transitions  all  over  the  Brillouin  zone,  and  the 
ability  to  describe  the  band  structure  far  from  symmetry  points  is  of  great  interest.  Pseu¬ 
dopotential  methods  are  reliable  for  such  computations,  but  they  require  too  much  compu¬ 
tation  time.  A  viable  alternative  is  the  empirical  tight  binding  (TB)  method,  which  has 
been  used  extensively  to  calculate  electronic  properties  of  heterostructures.  It  has  been 
demonstrated  that  the  method  yields  accurate  energy  levels  and  wavefunctions  of  correct 
symmetry  in  bulk  semiconductors  as  well  as  in  superlattices  (see,  for  example,  refs.  [4] 
and  [5]).  Recently,  the  TB  description  has  been  extended  to  calculate  optical  properties  of 
of  GaAs/Ai:cGai_^As  heterostructures  as  well  [6].  Just  as  the  band  structure  is  derived  us¬ 
ing  a  certain  number  of  fitting  parameters  in  the  Hamiltonian,  the  optical  properties  can  be 
derived  with  properly  chosen  values  for  matrix  elements  of  the  momentum  operator  between 
the  atomic  orbitals  that  make  up  the  TB  basis. 

In  this  paper  we  report  a  study  of  the  optical  properties  of  Ino.53Gao.47As/InP  superlat¬ 
tices  based  on  the  TB  method.  We  have  fitted  the  optical  matrix  elements  for  GaAs,  InAs 
and  InP,  and  it  will  be  shown  that  the  resulting  dielectric  functions  of  these  compounds  as 
well  as  their  alloys  are  in  excellent  agreement  with  the  experimental  spectra.  The  theory 
underlying  our  computation  is  discussed  in  the  next  section.  The  results  of  our  computa¬ 
tion  for  bulk  materials  as  well  as  for  short-period  superlattices  is  presented  in  the  following 
section. 


II  Theory 


The  imaginary  part  of  the  complex  dielectric  function  e{Lu)  characterizes  optical  absorptiorj 
due  to  interband  transitions,  and  is  given  by  the  following  expression  in  the  dipole  approxil 
mation  [7]:  I 


4^ 


2  dk 

BZ  (27r)3 


l^-p,,(k)|^  d[T;,(k)-F;,(k)-M 


(1 


The  summation  here  is  over  filled  valence  bands  and  empty  conduction  bands  indexed  by  i 
and  c,  respectively,  e  denotes  the  electronic  charge,  and  m  its  mass.  The  incident  radiation 
of  angular  frequency  cu,  is  polarized  along  the  direction  with  unit  vector  /5.  The  momentun 
matrix  element  appearing  above  is  defined  as: 


,(k)  s  /  dr  V’c(k,r)  (-zW)?/>„(k,r). 


(2 


The  real  part  of  e(uj)  may  be  calculated  from  the  imaginary  part  through  the  Kramers- Kroni^ 
relation. 

In  order  to  calculate  62(0^),  one  requires  a  representation  for  the  crystal  electronic  states 
In  the  TB  representation  [8]  the  crystal  eigenfunction  'ipniK  r)  (with  wavevector  k  and  bam 
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index  n)  is  built  up  from  atomic-like  states. 


r)  =  E  £ 

t  a 


gtk-(Ra-t-r.) 


-  [Rc  +  r.']) 


(3) 


where  a  indexes  Bravais  lattice  sites  of  the  crystal,  i  indexes  ions  within  the  primitive 
cell,  at  relative  positions  Ti,  is  an  atomic  orbital  of  the  ion  characterized  by  quantum 
numbers  a  (e.g.  N  is  the  number  of  primitive  cells  in  the  crystal,  and  c^;j_Q(k) 

are  the  expansion  coefficients  in  this  basis. 

A  basis  of  atomic  orbitals  consisting  of  s,p^^py,pz  functions  of  both  cations  and  anions 
is  employed  in  our  study.  This  choice  is  known  to  reproduce  the  band  structure  of  most 
elemented  and  III-V  compound  semiconductors  satisfactorily,  provided  one  retains  interac¬ 
tions  up  to  second  nearest  neighbors.  Including  spin-orbit  coupling,  we  work  with  a  basis  of 
16  functions  for  the  bulk  materials.  In  the  TB  scheme  the  optical  matrix  elements  between 
Bloch  functions  can  be  expressed  in  terms  of  a  few  parameters,  which  are  the  optical  matrix 
elements  between  atomic  orbitals  [6].  Experimental  data  for  £2(^)  in  bulk  materials  may  be 
used  to  determine  optimized  values  for  these  parameters.  We  use  the  Gilat-Raubenheimer 
method  [9]  to  perform  the  zone  integration  in  eqn.  1,  evaluating  the  optical  matrix  elements 
over  a  fine  mesh  within  the  Brillouin  zone. 

Equations  1-  3  apply  to  bulk  materials  as  well  as  to  infinite  superlattices,  as  long  as  the 
corresponding  primitive  cells  are  chosen  appropriately.  The  primitive  cell  of  the  superlattice 
should  cover  one  period  along  the  growth  direction.  It  is  essential  to  include  interactions  up  to 
second  nearest  neighbors  in  order  to  derive  superlattice  eigenstates  with  correct  symmetry  [4, 
5],  In  deriving  the  electronic  and  optical  properties  of  superlattices,  we  have  assumed  that 
the  Hamiltonian  and  optical  interaction  parameters  retain  their  corresponding  bulk  values 
in  the  interior  of  the  regions  comprising  the  superlattice.  The  parameters  across  an  interface 
are  taken  to  be  the  average  of  the  corresponding  values  of  the  two  materials. 


HI  Results 

We  have  fitted  the  parameters  of  the  TB  Hamiltonian  to  accurately  reproduce  the  band 
structure,  energy  gaps  and  effective  masses  of  various  bulk  semiconductors  as  determined 
by  pseudopotential  calculations  [10]  or  experiments  [11].  We  have  also  optimized  the  optical 
parameters  using  experimental  data  for  82(10)  in  bulk.  The  resulting  dielectric  functions  of 
bulk  InP  and  Ino.53Gao.47As  computed  with  our  optimized  parameters  are  compared  with 
experimental  data  in  figure  1.  The  data  has  been  obtained  from  ref.  [12]  for  InP,  and  from 
ref,  [13]  for  the  alloy.  The  overall  agreement  between  experiment  and  theory  is  very  good  in 
both  cases. 

Figure  2a  shows  the  computed  spectra  for  short-period  (Ino.53Gao.47As)Ti(InP)„  superlat¬ 
tices,  for  the  cases  n  =  1,2  and  3.  The  spectra  are  almost  identical  in  all  3  cases.  The 
dominant  Ei  and  E2  peaks  of  €2(00)  of  the  superlattices  are  located  in  between  the  corre¬ 
sponding  peaks  of  bulk  Ino.53Gao.47 As  and  InP,  as  shown  in  Figure  2b.  e2(^^)  is  also  found 
to  be  identical  for  light  polarized  parallel  or  perpendicular  to  growth  direction. 
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Figure  2:  (a)  Dielectric  functions  of  (  Ino.53Gao.47As)n(InP)n  superlattices  for  n  ==  1,2,  and 
3;  (b)  Comparison  of  bulk  and  superlattice  dielectric  functions. 
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IV  Conclusion 

We  have  reported  calculations  of  the  dielectric  function  of  Ino.53G30.47As/InP  short-period 
superlattices  using  the  TB  method.  The  optical  properties  are  derived  using  a  few  parame¬ 
ters,  which  determine  the  optical  response  of  the  constituent  bulk  semiconductors.  We  have 
optimized  values  of  these  parameters  for  several  bulk  materials  with  the  resulting  dielectric 
function  in  very  good  agreement  with  experiment.  The  computed  e2(^)  superlattices  show 
features  similar  to  those  found  in  the  spectra  of  the  bulk  constituents. 

Our  calculation  is  based  on  the  full  band  structure,  and  not  just  the  contribution  from  a 
few  critical  points.  Such  a  detailed  calculation  will  be  useful  in  analyzing  the  contribution 
to  £2(^)  from  various  regions  of  the  superlattice  Brillouin  zone  due  to  transitions  between 
many  zone-folded  bands.  The  method  itself  is  of  interest  for  other  material  systems  with 
components  having  indirect  gaps,  such  as  Si,  Ge,  AlSb,  and  GaP.  It  may  be  applied  to 
quantum  well  structures  also  in  a  straightforward  manner. 
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Abstract  :  The  non-equilibrium  Green's  function  (NEGF)  formalism  provides  a  general 
framework  for  the  simulation  of  quantum  devices  including  electron -phonon  and  electron- 
electron  interactions.  We  have  used  this  approach  to  study  the  effect  of  phonon  scattering  on 
the  dc  and  ac  response  of  resonant  tunneling  diodes.  In  this  talk  we  will  discuss  the  basic 
results  using  a  simple  physical  picture. 


1.  Introduction 

Resonant  tunneling  diode  is  possibly  the  most  well-known  example  of  a  'quantum  device' 
[1].  Such  devices  are  commonly  modeled  under  the  assumption  that  electrons  can  traverse 
the  active  region  coherently  without  any  scattering.  The  current  can  then  be  computed  from 
the  expression 

I  =  J‘*ET„(E)[f,(E)-f2(E)]  (1) 

n 

where  fi(E)  and  f2(E)  are  the  Fermi  functions  for  contacts  '!'  and  '2'  respectively.  The 
index  'n'  labels  the  different  transverse  modes  and  Tn(E)  represents  the  probability  that  an 
electron  incident  in  mode  'n'  with  energy  E  transmits  through  the  device  from  one  contact  to 
the  other.  The  transmission  probability,  Tn(E),  is  calculated  by  solving  the  Schrodinger 
equation  for  the  appropriate  device  potential.  This  approach  provides  a  fairly  accurate 
description  of  the  peak  current,  which  is  not  affected  significantly  by  scattering  processes. 
The  valley  current,  however,  is  strongly  influenced  by  scattering  processes  and  it  is 
necessary  to  go  beyond  the  coherent  model  in  order  to  describe  it  accurately. 

The  non-equilibrium  Green  function  (NEGF)  formalism  provides  a  general 
framework  for  the  simulation  of  quantum  devices,  comparable  to  what  the  Boltzmann 
formalism  provides  for  classical  devices  [2].  Recently  we  have  applied  this  formalism  to 
study  the  influence  of  scattering  processes  on  resonant  tunneling  devices.  The  details  have 
been  described  elsewhere  [3-5]  and  will  not  be  repeated  here.  Instead  we  will  try  to  convey 
the  main  results  in  simple  physical  terms.  To  simplify  our  discussion  we  will  not  worry 
about  different  transverse  modes  and  assume  the  structure  to  be  one-dimensional.  We  will 
assume  'zero'  temperature  so  that  the  Fermi  functions  appearing  in  eq.(l)  can  be  replaced  by 
step  functions.  Also  we  will  assume  that  the  bias  is  large  enough  that  the  injection  of  carriers 


lie 


from  contact  '2'  can  be  neglected  (see  Figs.l  or  2).  With  these  assumptions,  eq.(l)  reduces 
to 


h 


111 

jdET(E) 

0 


(2) 


2.  Peak  current 

The  current  through  a  resonant  level  is  maximum  when  it  lies  within  the  energy  range  of  the 
incident  electrons  (Fig.l).  Under  these  conditions,  scattering  processes  have  little  effect  on 

the  current.  Let  us  see  why  [6-9].  ,  i  /ox 

If  we  neglect  scattering  then  the  current  can  be  calculated  froin  eq.(2).  Ihe 
transmission  probability  can  be  written  approximately  in  the  form  of  a  Lorentzian  function 

T(E)  = - - T  where  r  =  ri-t-r2  (3) 

(E-Er)^+(r/2r 

The  width  of  the  Lorentzian  (F)  is  determined  by  the  sum  of  the  escape  rates  (times  h) 
through  barriers  T'  and  7'  respectively.  These  are  obtained  by  multiplying  the  attempt 
frequency  (times  by  the  transmission  probabilities  Ti  and  T2  through  the  two  barriers  : 
Fj  =  fiv  Tj  and  F2  =  T2.  Substituting  eq.(3)  into  eq.(2)  we  obtain  the  peak  current  in 

the  absence  of  scattering  : 

J  ,,  n  ^2  (4) 

h  Fj  -}-  F2 

Scattering  processes  can  be  characterized  by  a  parameter  F^,,  which  is  related  to  the 
scattering  time  by  the  relation  =  h  / If  this  quantity  is  much  larger  than  the 
escape  rates  through  the  barriers  ( T  i  and  r2)  then  a  significant  fraction  of  the  electrons  will 

be  scattered  inside  the  well  and  get  removed  from  the  coherent  stream.  One  way  to  model 


Fig.l.  Condition  for  peak  current  :  the  resonant  level  Er 
lies  within  the  energy  range  of  the  incident  electrons. 
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this  loss  of  electrons  is  to  introduce  an  imaginary  component  of  the  wavevector  'k'  inside 
the  well,  causing  the  electronic  wavefunction  to  decay.  The  transmission  probability  can  still 
be  written  approximately  in  the  form  of  a  Lorentzian  function,  but  the  width  is  larger ; 


(E-Er)^+(r/2)^ 


where  T  =  r|+r2+r( 


Substituting  into  eq.(2)  we  obtain  the  coherent  current : 


=  — 


n  ri+To  +  r, 


But  this  is  not  the  total  current.  The  electrons  that  are  scattered  out  of  the  coherent  stream 
give  rise  to  a  scattered  current  which  is  given  by  an  expression  that  looks  just  like  that  for 
the  coherent  current  (see  Eq.(6))  with  T 2  replaced  by  F^p  : 


^scat 


h  r2+r2  +  r( 


This  result  (known  as  the  Breit-Wigner  result)  seems  quite  reasonable  if  we  view  the 
scattered  current  as  a  current  that  escapes  into  a  fictitious  third  terminal  having  a  coupling  of 
Fq)  [9].  The  scattered  current  eventually  exits  from  the  device  partially  through  barrier  T' 

and  partially  through  barrier  '2'  in  the  ratio  F 1  :  F2.  The  fraction  coming  out  through  '2' 
contributes  to  the  net  current  and  is  referred  to  as  the  sequential  current : 


F,+F^ 


^scat  ~ 


ri  +  r2 


The  total  current  (coherent  +  sequential)  is  given  by 


T  -  T  +  T  -  ^1^2 

Itot-  icoh+  iseq-  ^ 


This  is  exactly  the  same  as  the  result  obtained  earlier  (eq.(4)),  neglecting  scattering 
processes  altogether  !  Thus  scattering  has  no  effect  on  the  peak  current  within  this 
approximate  model.  More  accurate  calculations,  however,  do  show  small  effects  [10], 


3.  Valley  current 

The  current  through  a  resonant  level  is  very  small  when  it  lies  outside  the  energy  range  of 
the  incident  electrons  (Fig.2).  A  number  of  authors  have  studied  the  influence  of  scattering 
processes  on  the  valley  current  that  flows  under  these  conditions  (see  [11]  and  references 
therein].  In  our  simple  model,  we  can  calculate  the  coherent  component  simply  by 
substituting  eq.(5)  into  eq.(2),  just  as  we  did  for  the  peak  current  (cf.  eq.(6)) 


Ieoh  =  T 
n 


fPi  F2  dE 
'0  (E-E,y 
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assuming  that  the  linewidth  is  much  smaller  than  the  energy  difference,  E  -  Er,  between  the 
incident  electrons  and  the  resonant  energy.  Actually  we  should  not  be  using  the  Lorentzian 
approximation  far  from  resonance,  but  that  only  changes  the  precise  value  of  K  and  does  not 
affect  the  following  arguments.  The  scattered  current  is  obtained  by  replacing  T 2  with  T^p, 
just  as  we  did  before  : 


I 


scat 


where 


(E-Er)^ 


(11) 


Earlier  we  had  argued  that  the  scattered  current  exits  through  the  two  barriers  in  the  ratio  T 1 
:  r2  and  the  fraction  coming  out  through  '2'  contributes  to  the  sequential  current.  However, 
in  the  present  case  the  scattered  current  must  come  entirely  out  of  '2'  since  there  are  no 
states  in  T'  corresponding  to  Ej-.  We  are  assuming  that  the  electrons  scatter  down  in  energy 
into  the  resonance  by  phonon  emission  and  the  temperature  is  low  enough  that  they  cannot 
climb  out  by  absorbing  phonons.  Under  these  conditions  the  sequential  current  is  simply 
equal  to  the  scattered  current  so  that  the  total  valley  current  is  given  by 


^tot  “  ^coh  ^scat  ^  [K^rj+gUi] 


(12) 


But  this  cannot  be  right.  Suppose  we  make  barrier  2  so  thick  that  F 2  (and  hence 
'K')  is  essentially  zero.  Eq.(12)  still  predicts  a  non-zero  valley  current  equal  to  (2e  /  fi) 
gFi  !  How  can  any  current  flow  if  electrons  cannot  transmit  across  barrier  2  ?  What 
happens  for  very  thick  barriers  is  that  the  resonant  level  fills  up,  since  it  cannot  empty 
anywhere.  To  include  this  effect  we  should  modify  Eq.(12)  to  write  the  valley  current  as 

Ieot=  y[Kr,+gri(l-f,)]  (13) 

To  complete  the  story  we  need  to  calculate  the  occupation  factor  fr  for  the  resonant  level. 
This  can  be  done  quite  simply  using  a  sequential  model  as  described  below. 


Fig.2.  Condition  for  valley  current  :  the  resonant  level 
Er  lies  outside  the  energy  range  of  the  incident  electrons. 
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4.  Sequential  model 

In  the  sequential  model  the  peak  current  is  calculated  by  writing  a  rate  equation  for  the 
currents  Ii  and  I2  from  the  two  terminals  : 


n  (fl-fr) 


and  1,=  —  r2(f.-f2) 


Setting  f]  =  1,  f2  =  0  and  Ii  =  I2  =  Ip,  we  obtain 


n  +r^ 


2e  rir2 

n  ri  +  r2 


in  agreement  with  our  earlier  results  (see  eqs.(4),  (9)).  We  can  use  the  same  approach  to 
describe  the  valley  current ,  simply  by  modifying  the  rate  equation  as  follows  (cf.  eq.(14)) : 


gn  (fl-fr) 


and  I9  = 


ri  (fr-f2) 


All  that  we  have  done  is  to  reduce  the  rate  constant  for  barrier  1  from  F 1  to  g  F 1 ,  where  the 
factor  'g'  (  «  1)  is  determined  by  the  electron-phonon  coupling  constant.  This  seems 
reasonable  since  an  electron  in  order  to  get  into  the  resonant  level  from  terminal  1  must 
tunnel  through  barrier  1  and  emit  a  phonon  simultaneously.  Setting  I^  =  I2  =  ly  and  fi  =  1, 
f2  =  0  we  obtain  (cf.  eq.(15)) 


gr, 

gfl  +^2 


Iv  =  — 


^  griF; 

s  grl+f'2 


Eq.(17)  has  also  been  derived  from  the  NEGF  formalism  with  suitable  approximations  and 
is  found  to  describe  the  exact  results  obtained  from  a  full  numerical  simulation  fairly  well 
[3]. 

Generally  we  assume  that  the  valley  current  will  be  a  small  fraction  of  the  peak 
current,  independent  of  F 1  and  F 2  .  But  it  is  easy  to  see  from  Eqs.(15)  and  (17)  that  this  is 
not  true  in  general : 


_1_  J_ 

r/r2 


1  j_ 


For  very  asymmetric  devices  having  F2  «  g  F 1 ,  the  peak  and  valley  currents  can  even 
become  equal!  This  has  been  observed  experimentally  [12]. 


5.  High  frequency  response 

We  have  also  used  the  NEGF  formalism  to  study  the  ac  response  of  resonant  tunneling 
devices  in  the  presence  of  inelastic  scattering  processes.  The  results  can  be  understood  fairly 
simply  in  terms  of  the  sequential  model.  Under  time- varying  conditions  we  cannot  assume 
that  Ii  is  equal  to  I2.  Instead,  Ii  - 12  =  2e  (dfr  /  dt),  so  that  for  the  peak  current  we  can  use 
eq.(14)  to  write 
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milf  i(rjf,  +  r2f2)  peak  (19) 

dt  ^  ^ 

while  for  the  valley  current  we  can  use  eq.(16)  to  write 

£l+  iEllIl  f  =  I(rjfj  +  r2f2)  valley  (20) 

di  h  h 

From  eqs.(19)  and  (20)  we  would  expect  that  if  we  modulate  fi  and/or  f2  through  an  ac 
signal  applied  across  the  contacts,  the  peak  current  should  respond  with  a  time  constant  of 
(Fi  +  r2)  while  the  valley  current  should  respond  with  a  time  constant  of  (gFi  +  r2). 
This  is  exactly  what  we  find  from  the  NEGF  formalism  [5]. 


5.  Concluding  remarks 

In  this  talk  we  have  shown  how  the  effect  of  scattering  processes  on  the  valley  current  can 
be  understood  in  simple  intuitive  terms  using  rate  equations  based  on  a  sequential  model.  In 
general  for  quantitative  calculations  one  needs  to  go  beyond  simple  models  and  include 
multiple  levels,  level  broadening,  non-zero  temperature,  transverse  modes,  details  of 
scattering  processes,  band-structure  etc.  The  NEGF  formalism  provides  a  rigorous 
approach  suitable  for  this  purpose  (see  [2,3]  and  references  therein).  Since  it  incorporates 
the  physics  of  the  interactions  correctly  from  first  principles,  a  device  simulator  based  on 
this  formalism  should  have  significant  predictive  value.  It  should  be  mentioned,  however, 
that  in  resonant  tunneling  devices  with  small  cross-section,  the  electron-electron  interactions 
can  be  very  strong  leading  to  Coulomb  blockade  and  related  effects  [13].  The  utility  of  the 
NEGF  formalism  in  this  transport  regime  is  still  unclear. 
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Quantum  Cellular  Automata:  Computing  with  Quantum  Dot 
Molecules 
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Abstract.  We  present  a  new  paradigm  for  computing — arrays  of  quantum  dot  molecules  called 
quantum  cellular  automata  (QCA).  Such  molecules  are  composed  of  coupled  quantum  dots 
sharing  two  electrons.  Interaction  between  the  electrons  in  a  cell  causes  the  charge  density  to  be 
very  highly  polarized  (aligned)  along  one  of  the  two  cell  axes,  and  the  polarization  of  one  cell 
Coulombically  induces  a  polarization  in  neighboring  cells.  Geometric  arrangement  of  these  cells 
allows  the  synthesis  of  wires,  coplanar  wire  crossings,  inverters,  and  a  full  range  of  logical 
devices  including  majority  voting  gates,  programmable  AND/OR  gates,  XOR  gates,  and  full 
adders.  Finally,  we  explore  another  realization  of  such  cells,  rings  of  small-capacitance  metallic 
tunnel  junctions,  and  show  that  they  also  have  the  potential  to  serve  as  the  foundation  of  a  QCA. 


1.  Introduction 

While  recent  improvements  in  the  size  of  microelectronic  devices  has  led  to  improved  speed 
and  density  of  devices,  the  underlying  paradigm  of  computation  has  remained  largely 
unchanged.  Cellular  automata  (CA)  architectures  have  the  potential  to  bring  about 
revolutionary  change  in  this  basic  computing  paradigm.  Such  architectures  also  offer  a 
natural  match  for  the  features  of  nanometer- sc  ale  quantum  devices. 

We  propose  a  realization  of  such  an  architecture  using  two-electron  quantum  dot 
molecules. [1  -  3]  A  schematic  of  such  a  molecule,  or  cell,  is  shown  in  Fig.  1. 


P  =  +1  p  ^  .1 

Fig.  2.  The  two  bistable  states  of  the  QCA 
Fig.  1.  A  schematic  cell.  Electron  repulsion  causes  the  cell  to 

of  the  five-site  cell.  always  polarize  in  one  of  these  two  states. 

The  Hamiltonian  used  to  describe  a  cell  includes  on-site  energies,  tunneling  between 
neighbors,  on-site  charging  costs,  and  Coulombic  interaction  between  each  pair  of  sites: 


«0  =  o  +  X  h.j  o  +  O;,  0;.  o)  +  t  I  +  X 

i.o  i>j,o  i  \Ki-Rj\ 

In  the  devices  presented  here,  we  use  a  “standard  cell”  for  which  the  radius  of  the  dots 


is  5  nm,  the  distance  between  neighboring  dots  is  20  nm,  and  the  tunneling  energy  t  between 
dots  is  0.3  meV.  Other  parameters  correspond  to  electrons  in  GaAs.  Interaction  between  the 
electrons  causes  the  cell  to  exhibit  bistable  behavior.  The  bistable  states  are  shown  in  Fig.  2. 

This  bistable  behavior  makes  it  possible  to  encode  binary  information  using  the  state  of 
the  cell.  This  state  can  be  represented  quantitatively  by  the  cell  polarization,  which  is  a 
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measure  of  which  of  the  two  bistable  states  the  cell  occupies.  We  define  the  polarization  P  as: 

_  (P1  +  P3)  -  (P2+P4) 

Po  +  Pi  +  P2'*"P3'*‘P4 


2.  Cell-cell  response 

In  order  for  such  a  cell  to  be  useful  in  a  CA  architecture,  its  state  must  interact  strongly 
with  the  state  of  its  neighbors.  One  measure  of  this  is  the  cell-cell  response  function.  To 
determine  this  response  function,  we  consider  the  system  of  two  cells  shown  in  the  insets  to 
Fig,  3.  We  assume  the  polarization  of  cell  2  is  fixed,  and  calculate  the  Coulombic  energy  at 
each  site  of  cell  1  as  a  result  of  this  fixed  charge.  The  two-electron  Schrodinger  equation  is 
then  solved  for  cell  1.  The  resulting  charge  density  and  induced  polarization  of  cell  1  can  then 
be  found  for  a  number  of  values  of  P2.  The  function  Pi(P2)  is  called  the  cell-cell  response  and 
reveals  how  much  influence  one  cell’s  state  has  over  that  of  its  neighbors. 
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Fig.  3.  The  cell-cell  response  of  the  standard  cell  shown 
in  figure  1.  The  bistable  nature  of  the  cell  is  apparent. 

The  response  function  shown  in  Fig.  3  is  for  a  cell  at  zero  temperature.  The  effect  of 
nonzero  temperature  can  be  found  directly  by  calculating  the  thermal  expectation  value  for 
the  charge  densities  on  each  site.  14]  The  results  for  the  standard  GaAs  cell  at  several 
temperatures  are  shown  in  Fig.  4,  while  Fig.  5  shows  the  response  of  a  cell  with  2  nm  near- 
neighbor  spacing  and  the  physical  parameters  corresponding  to  a  vacuum.  Such  a  molecular 
cell  would  work  properly  well  above  room  temperature. 


Fig.  4.  The  cell-cell  response  of  the  20  nm 
GaAs  cell  at  nonzero  temperatures. 


Fig.  5.  The  cell-cell  response  of  the  2  nm 
vacuum  cell  at  nonzero  temperatures. 


3.  Lines  of  cells 

The  most  fundamental  QCA  device  is  a  line  of  cells,  or  binary  wire.  [5]  Fig.  6  shows 
two  such  lines  of  standard  cells,  each  being  driven  by  a  driver  cell  with  fixed  polarization  at 
the  left.  The  radius  of  each  dot  in  the  figure  is  proportional  to  the  charge  density  on  that  site. 
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Fig.  6.  QCA  lines.  Two  lines  driven  by  fixed  cells  with  different  polarizations. 

Despite  the  fact  that  the  driver  cells  are  incompletely  polarized,  the  polarization  of 
each  line  rapidly  saturates,  propagating  information  about  the  driver  polarization  down  the 
line.  This  saturation  behavior  will  allow  the  line  to  recover  from  local  decreases  in 
polarization  due  to  potential  fluctuations  in  the  fabrication  parameters. 

It  should  be  noted  that,  unless  stated  otherwise,  these  figures  are  not  simply  schematic. 
The  diameter  of  each  of  the  dots  is  proportional  to  the  charge  density  on  the  corresponding 
site,  which  is  found  by  a  self-consistent  calculation  of  the  ground  state  of  the  system  shown. 

4.  Logic  devices 

While  a  binary  wire  is  the  most  fundamental  QCA  structure,  different  geometric 
arrangements  of  cells  can  be  used  to  perform  other  useful  functions. [6]  Fig.  7  shows  how 
information  in  a  binary  wire  propagates  around  a  right  angle  corner,  while  Fig.  8  shows  that 
the  same  signal  can  “fan  out”  to  drive  two  similar  wires. 


1  □ 

□□□ 


Fig.  7.  Signal  propagation  ^  Fan-out  of  a  binary  wire  to 

around  an  abrupt  corner.  drive  two  similar  wires. 

In  addition  to  propagation  of  QCA  signals  from  one  point  to  another,  special 
arrangements  of  cells  can  be  used  to  perform  logic  functions  on  the  signal.  Fig.  9  shows  an 
arrangement  of  cells  that  can  be  used  to  invert  the  signal  carried  by  a  binary  wire.  The  signal, 
coming  from  the  left,  is  split  into  two  parallel  binary  wires  and  then  rejoined  in  a  way  that 
causes  the  cells  to  anti-align.  Due  to  the  geometrical  symmetry  of  this  arrangement,  a  1  and  a 
0  will  be  inverted  with  the  same  reliability. 

Fig.  10  shows  a  single  central  cell  surrounded  by  four  near  neighbors.  Three  of  the 
neighbors  have  fixed  polarizations,  while  the  fourth  neighbor  and  the  central  cell  are  free  to 
react  to  their  charge  densities.  When  the  ground  state  of  such  a  system  is  calculated,  we  find 


Input _ 

□□□  0 

□□□□  □□□ 

□□□  / 

Output 

Fig.  9.  The  cellular  arrangement  used 
to  invert  signals. 


Input  B 


Device  cell 


Input  A 
/Output 


Input  C 


Fig.  10.  The  majority  voting  gate.  The 
central  cell  always  matches  a  majority 
of  the  three  fixed  neighbors. 
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Fig.  11.  The  coplanar  wire  crossing. 
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Fig.  12.  The  XOR  gate  uses  three  reduced  gates 
one  inverter,  and  a  coplanar  wire  crossing. 


that  the  free  cells  always  line  up  so  as  to  match  a  majority  of  the  driving  neighbors. 
Therefore,  we  call  such  an  arrangement  of  cells  a  majority  voting  gate. 

While  this  novel  function  is  quite  useful  by  itself,  its  flexibility  is  seen  when  we  single 
out  one  of  the  inputs  and  define  it  as  the  program  line.  If  the  program  line  is  1,  then  the  result 
will  be  1  unless  both  of  the  other  two  inputs  are  0.  Thus,  the  gate  performs  the  OR  function 
on  the  two  non-program  lines.  Likewise,  if  the  program  line  is  0,  the  gate  performs  the  AND 
function  on  the  other  two  lines.  Such  a  gate  is  called  a  programmable  AND/OR  gate,  since 
the  program  line  determines  the  nature  of  the  gate,  and  the  other  two  lines  are  applied  to  the 
gate  thus  defined.  Since  the  three  inputs  are  indistinguishable,  any  of  the  three  can  serve  as 
the  program  line. 

Conventional  electronic  circuits  cross  wires  by  placing  an  insulator  between  them  and 
physically  passing  one  over  the  other  in  a  second  layer.  Because  of  the  cellular  nature  of  the 
QCA  architecture,  two  binary  wires  can  be  crossed  in  a  plane  with  no  interference.  Such  a 
coplanar  wire  crossing  is  shown  in  Fig.  11.  By  combining  the  reduced  AND  and  OR  gates, 
the  coplanar  wire  crossing,  and  one  inverter,  we  can  make  an  XOR  gate  as  shown  in  Fig.  12. 

The  one-bit  full  adder  is  the  most  complicated  logical  function  synthesized  thus  far.  By 
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Fig.  13.  The  full  adder  implemented  in  the  quantum  cellular  automata  scheme. 
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using  five  majority  voting  gates  in  a  novel  way,  we  are  able  to  design  the  entire  device 
without  using  any  reduced  (simple  AND  or  OR)  gates.  This  greatly  reduces  the  number  of 
cells,  and  therefore  the  area  needed  to  perform  this  function.  Fig.  13  shows  the  result  of  a 
self-consistent  simulation  of  the  full  adder  design. 


5.  Metal  electrode  cells 

The  cells  discussed  thus  far  would  typically  be  fabricated  in  semiconductor 
heterostructures  using  a  depleted  two-dimensional  electron  gas.  An  alternative  realization 
can  be  seen  in  Fig.  14,  which  shows  a  ring  of  metallic  tunnel  junctions  with  very  small 
capacitance.  [7]  The  behavior  of  such  a  ring  is  controlled  by  Coulomb  exclusion  effects.  The 
coupling  between  the  metal  “islands”  and  between  cells  is  capacitive,  not  simply  Coulombic. 
Such  capacitive  coupling  allows  better  control  than  Coulombic  interaction  alone. 

Each  cell  contains  many  conduction  electrons,  as  well  as  two  extra  electrons  provided 
by  the  ground  substrate.  The  charge  configuration  which  minimizes  electrostatic  energy  is 
one  in  which  electrons  are  on  antipodal  electrodes.  This  results  in  alignment  of  cell  charge 
density  in  one  of  the  two  states  shown  in  Fig.  15. 


C  Fig.  15.  A  schematic  of  the  bistable 

Fig.  14.  A  schematic  diagram  of  the  states  of  the  cell  caused  by  electron 

metal  electrode  cell.  repulsion  within  the  cell. 


The  Hamiltonian  used  to  describe  such  a  cell  uses  the  capacitance  matrix  C,  which 
describes  the  capacitance  of  the  4  electrodes  as  well  as  the  nearest  electrodes  of  each  neigh¬ 
boring  cell.  The  capacitance  to  ground  of  each  electrode  is  also  included: 


^  I  ehc-^]i,jnrnj+  X  + 

i,y£  iecell  k 

cell  k  j  ^  cell  k 


ij  e  cell  k 

i>J 


Here  the  tunneling  energy  r,  which  is  the  same  for  all  tunnel  junctions,  is  expressed  as  a 
fraction  of  the  charging  energy  of  the  junction. 


To  find  the  cell-cell  response  function  of  these  metal  electrode  cells,  consider  a  single 
cell  capacitively  coupled  to  a  neighboring  cell  as  shown  in  Fig.  16.  We  fix  the  charge  density 
in  cell  2  and  find  the  ground  state  of  cell  1  as  before.  The  charge  densities  on  sites  5  and  6 
couple  capacitively  to  the  charge  in  cell  1,  inducing  a  polarization.  When  this  is  repeated  for 
a  number  of  values  of  P2,  the  function  P2(Pi)  can  be  found.  As  shown  in  Fig.  17,  the 
bistability  apparent  in  such  a  plot  indicates  that  this  cell  has  the  potential  to  serve  as  the  basis 
of  a  QCA  architecture. 

Simulations  of  linear  arrays  of  these  metal  cells  shows  behavior  similar  to  that  of  the 
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Fig.  16.  Schematic  diagram  of  two  Fig.  17.  The  cell-cell  response  function  of 

capacitively  coupled  cells.  This  arrangement  the  metal  electrode  cell  for  three  values  of 

is  used  to  find  the  cell-cell  response  function.  tunneling  coefficient, 
quantum  dot  molecule  cells.  Fig.  18  shows  two  lines  of  metal  cells  being  driven  from  the  left 
by  cells  with  different  values  of  polarization.  As  before,  the  information  in  the  driver  cell  is 
carried  down  the  length  of  the  binary  wire,  and  a  weakly  polarized  driver  is  still  capable  of 
driving  the  wire  to  full  polarization  within  the  span  of  a  few  cells. 


P=0.1 


a  =  0.001 


r.i.onnnnnnnnnn 

Fig.  18.  Linear  arrays  of  metal  electrode  cells  transmit  information 
in  the  same  way  as  binary  wires  of  quantum  dot  molecules. 


5.  Conclusions 

We  have  demonstrated  a  new  paradigm  for  computing  with  quantum  dot  molecules  and 
discussed  possible  implementations  for  such  an  architecture.  The  complete  set  of  logical 
functions  can  be  constructed  using  this  paradigm,  and  functions  as  complex  as  a  one-bit  full 
adder  have  been  synthesized  using  these  elements. 
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Quantum  scattering  states  in  open  two-dimensional 
electronic  systems  and  the  local  density  of  states  * 


Henry  K.  Harbury^  and  Wolfgang  Porod 

Dept,  of  Electrical  Engineering,  University  of  Notre  Dame,  Notre  Dame,  IN  46556 

Abstract  Recent  experimental  STM  images  [1-4]  of  the  surfaces  of  Cii(lll)  and 
Au(lll)  have  demonstrated  the  direct  measurement  of  the  local  density  of  elec¬ 
tronic  states  (LDOS)  for  the  system  of  a  two-dimensional  electron  gas  (2DEG) 
in  the  vicinity  of  geometrically  arranged  scattering  centers  (Fe  adatoms).  We  re¬ 
port  on  our  numerical  method  and  calculations  of  the  LDOS  for  these  “quantum 
corral”  structures.  The  numerical  technique  implements  non-reflecting  boundary 
conditions  on  an  artificial  boundary  enclosing  the  scattering  domain  and  is  com¬ 
patible  with  standard  finite  element  methods.  Excellent  agreement  is  achieved  in 
a  comparison  of  both  the  calculated  energy  spectra  of  the  LDOS  and  the  spatial 
variation  of  the  LDOS  with  the  recently  reported  experimental  STM  data  [3,4]. 
Contrary  to  the  results  of  the  multiple  scattering  theory  reported  by  Heller  et  al. 
[4],  our  results  demonstrate  that  a  completely  coherent  elastic  scattering  model  in 
an  open  boundary  system  is  sufficient  to  explain  the  reported  experiments  with 
comparable  agreement. 


1.  Introduction 

The  detailed  spatial  variation  of  electronic  scattering  states  in  open  and  imconfined 
mesoscopic  systems  is  of  interest  in  both  the  asymptotic  far-held  regime  and  the  near-field 
regime  in  the  vicinity  of  the  scattering  potential.  Scattering  from  defects  or  impurities 
in  a  two-dimensional  electron  gas  (2DEG)  is  one  such  system  of  interest.  The  interaction 
of  the  electronic  system  with  the  scattering  potential  leads  to  spatial  variations  of  both 
the  local  electrostatic  field  and  the  local  density  of  states  (LDOS),  The  effects  of  open 
boundary  electronic  scattering  in  a  2DEG  have  been  demonstrated  by  recent  scanning 
tunneling  microscopy  (STM)  images  of  the  spatial  variation  of  the  STM  tip  conductance 
due  to  electronic  scattering  of  surface  confined  states  from  defects,  impurities,  and  step 
edges  on  Cu(lll)  [1]  at  4.2K  and  at  room  temperature  on  Au(lll)  [2].  These  metallic 
surfaces  are  known  to  support  a  2DEG  through  surface  state  confinement  [5]. 

Davis  et  al  [6],  following  the  work  of  Tersoff  and  Hamman  [7]  and  N.D.Lang  [8], 
proposed  a  simple  theory  which  relates  the  local  density  of  surface  electronic  states 
(LDOS)  to  the  differential  conductance,  dZ/dV,  of  a  scanning  tunneling  microscope 
(STM).  The  dl jdV  of  the  junction  at  the  energy  E  =  Ep  +  |e|V  —  Eq,  where  Ep  is 
the  Fermi  Energy  and  Eq  is  the  band  edge,  may  be  measured  at  a  fixed  bias  potential, 
E,  over  the  surface  of  the  2DEG  system  to  obtain  an  image  of  the  surface  LDOS  at 
energy  E.  The  energy  spectra  of  the  differential  conductance  of  the  STM  junction  at 
a  fixed  sample  point  has  also  been  reported  [1-4].  Through  atomic  manipulation  of 
surface  adatoms  of  Fe,  geometrically  arranged  scattering  structures  have  been  fabricated 
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[3-4].  The  Fe  adatoms  are  abrupt  potential  barriers  to  surface  state  electrons  and  act 
collectively  as  electronic  “quantum  corrals”  in  which  the  observed  spatial  variation  of 
the  LDOS  is  clearly  demonstrated.  The  peaks  in  the  measured  energy  spectra  of  the 
LDOS  for  circular  shaped  corrals  fit  remarkably  well  to  the  eigen-energies  of  a  two- 
dimensional  hard- wall  quantum  box  [3].  This  simple  model,  however,  breaks  down  for 
the  detailed  spatial  variation  of  the  LDOS  within  the  corral  and  completely  neglects  the 
LDOS  outside. 

Heller  et  al  [4]  reported  results  for  a  multiple  scattering  theory  approach  to  com¬ 
puting  the  two-dimensional  LDOS  in  which  the  Fe  adatoms  act  as  purely  s-wave  type 
scatterers.  For  this  model  to  achieve  reasonable  agreement  with  the  experimental  data, 
however,  it  was  necessary  to  assert  a  significant  inelastic  absorption  of  the  electronic  flux 
incident  on  the  scattering  centers.  The  reported  attenuation  of  this  model  was  approx¬ 
imately  25%  reflection,  25%  transmission  and  50%  absorption.  The  authors  speculate 
that  the  Fe  adatoms  act  to  couple  the  otherwise  orthogonal  surface  electronic  states  to 
the  bulk  states  of  the  metallic  sample. 

The  method  and  results  are  presented  for  a  purely  elastic  scattering  calculation  of 
the  fully  two-dimensional  LDOS  for  several  reported  quantum  corral  structures.  The 
LDOS  results  are  compared  to  both  the  reported  data  and  reported  multiple  scattering 
theory.  These  results  demonstrate  that  an  elastic  scattering  model  is  sufficient  to  achieve 
comparable  agreement  with  both  the  reported  energy  spectra  and  the  detailed  spatial 
variation  of  the  measured  LDOS.  The  numerical  technique  implements  non- reflecting 
boundary  conditions  on  an  artificial  boundary  enclosing  the  scattering  domain  and  is 
compatible  with  standard  finite  element  methods.  The  Hamiltonian  formulated  by  this 
method  is  used  to  compute  the  LDOS  in  the  scattering  domain. 


2.  Solution  Method 


A  method  for  implementing  non-reflecting  boundary  conditions  (NRBC)  on  an  artifi¬ 
cial  boundary  is  presented.  The  authors  have  recently  reported  [9]  an  exact  method 
which  uses  the  known  far-held  solution  for  the  asymptotic  scattering  state  by  match¬ 
ing  the  known  partial-wave  expansion  to  the  near-held  solution  on  the  artihcial  domain 
boundary,  and  likewise  matching  the  boundary  normal  derivatives,  A  more  efhcient  but 
approximate  NRBC  method  is  presented  herein.  The  approximate  boundary  condition 
is  formulated  from  the  application  of  operators  which  are,  by  construction,  compatible 
with  the  outward  Sommerfeld  radiation  condition  in  the  far-held  regime.  This  boundary 
condition  is  inserted  into  the  surface  integral  term  and  results  in  only  a  local  tridiago- 
nally  coupled  boundary.  A  brief  synopsis  of  the  non-reflecting  boundary  condition  will 
be  presented  and  the  reader  is  referred  to  the  recent  publication  [9]  by  the  authors  for 
more  details. 

We  initially  formulate  a  method  to  solve  the  multidimensional,  single-electron,  effective- 
mass  Schrodinger  equation  for  the  electronic  scattering  states,  '0£;(r), 


AvV'E(r) 


-b  y(r)V^E(r)  =  EiI)e{y)- 


(1) 


A  two  dimensional  domain  will  be  assumed  for  simplicity,  although  the  method  is  easily 
generalized  to  three  dimensional  geometries.  The  scattering  domain  has  an  artificial 
boundary  at  a  radius  Rq  from  the  center  of  the  scattering  potential  which  encloses  the 
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solution  domain,  Qq.  The  potential  is  assumed  constant  outside  the  artificial  domain 
boundary  and  is  taken  as  the  zero  reference.  An  electronic  flux  incident  upon  the  meso¬ 
scopic  scattering  region  Ho,  injected  by  some  outside  source,  will  be  described  by  a  plane 
wave  of  the  form  ipi^c  =  aexp[zk  •  r],  where  A;  =  |k|  =  yj2m*E/h^.  In  the  subsequent 
application  of  the  more  general  formulation  to  obtain  the  local  density  of  states,  only 
the  part  of  the  Hamiltonian  which  does  not  include  incident  wave  terms  will  be  needed. 

The  approximate  non-reflecting  boundary  condition  is  based  on  the  method  of  Bayliss 
and  coworkers  [10].  In  solving  Eq.  1  for  the  scattering  states,  a  constraint  on  the  artificial 
boundary  is  imposed  which  restricts  the  solutions  to  the  class  of  wavefunctions  which  are 
compatible  with  the  outward  Sommerfeld  radiation  condition.  The  boundary  constraint 
is  exact  in  the  limit  oi  Rq  oo  and  has  a  radially  decaying  truncation  error  on  the 
artificial  boundary. 

In  the  two-dimensional  case,  the  scattered  part  of  the  wavefunction  may  be  expanded 
in  the  form  'ip^catt  oc  fj{0)/{kry'^2 ,  A  set  of  linear  operators,  Bm,  compatible 

with  the  outgoing  Sommerfeld  radiation  condition  are  constructed  such  that  on  the 
artificial  boundary  each  higher  order  term  is  eliminated  when  operates  on  the 

far-field  expansion,  Bm'ipscattlr  =  O  ^Rq  ^  ^  .  The  set  of  operators  are  therefore  defined 

as  Bo  =  1,  Bm  —  {dr  —  ik  amlr)Bm-i,  where  is  a  constant  chosen  to  eliminate 
the  term  of  the  expansion.  In  the  two-dimensional  case,  the  first  two  non-trivial 
operators  are  given  by: 

B,  =:  (2.a) 

B2  +  ;  B2^,a.u\T  =  0{Ri^>%  (2.b) 

Expanding  BjV’acofdr  implicitly  using  the  original  Schrddinger  equation,  ^  = 
— the  result  of  operating  with  B2  on  ij)  may  be  rearranged  to  obtain 
the  boundary  normal  derivative  of  the  wavefunction:  =  {  2(13?^  [-^2 “ 

U  +  Similar  to  the  derivation  of  the  exact  non-local  NRBC  [9],  this 

boundary  normal  derivative  may  be  used  in  the  surface  term  resulting  from  the  integra¬ 
tion  by  parts  of  Eq.  1.  The  resulting  formulation  using  the  finite  element  approximation 
~  where  Ui  is  the  shape-function,  recast  into  matrix  notation  has  the 

form  of  the  linear  system:  [T  +  V  C]  =  p,  where  Tj^  =  ^  Vuj-  •  dH 

and  Yij  =  m  [V  —  E]uj  dfl  are  the  kinetic  and  potential  energy  matrix  element, 
respectively,  C.y  =  lo”  +  2&('?  “  ^  “  27)  /o’' 

trix  element  which  results  from  the  boundary  integral,  and  the  right-hand-side  vector, 
Pi  =  ^{-j  Jo''  Ui{cosO  -  l)2V’mcd6>  ^Q^Ui{cose  -  l)'il^incd0  -f  1]  fo''  '^i^incdO},  Con¬ 
tains  the  incident  plane  wave  contribution  where  -j/^vnc  is  the  incident  wave,  and  where 

T"  =  2ri-'rt^o)’  ^  =  2(i-,Wo)  ’  v  =  !2(i-!tfio)'  Unlike  the  exact  NRBC  method,  this 
formulation  does  not  contain  any  embedded  integral  terms  in  C  and  results  in  a  numer¬ 
ical  formulation  whose  discretized  boundary  is  only  tridiagonally  coupled.  This  local 
NRBC,  however,  has  an  approximation  error  due  to  the  neglected  terms  of  the  far-field 
expansion.  This  error  may  be  made  less  than  the  inherent  discretization  error  in  the 
domain  by  using  a  sufficiently  large  radius. 

The  local  density  of  states  (LDOS)  is  derived  from  the  system  Hamiltonian  using  the 
Green  function  formalism,  [E  —  H{r)]  (7(r,  r/;  E)  =  6{r  —  r/),  where  G  may  be  expressed 
as  a  sum  over  the  discrete  and  an  integral  over  the  continuous  spectrums,  G{r^rf\z)  = 
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Zn'>l’n{rWn{^')/{^  -  +  f  dnip„(r)i>*{rl)/(z  -  E„)  =  l/(z  -  H).  The  LDOS  m  the 

spectral  representation  may  be  written  as 

LDOS{v,  £)  =  E  -  K)V>n(r)C(r)  +  J  S{E  -  £„)^„(r)V>;(r)dn 

n 

=  [G^(r,r;£;)]  ,  (3) 

where  G'‘^(r,r;  E)  indicates  the  analytic  approach  a.s  s  0  oi  z  =  E ±is.  The  numerical 
calculation  of  the  Green  function  is  performed  using  the  matrices  as  defined  m  the 
previous  section  where  H  =  T  +  C  +  V.  The  Green  function  is  obtained  through  matrix 
inversion,  G  =  [EM  -  (T  +  C  +  V)]“\  where  the  matrix  elements  of  M  are  given  by 
M-  =  fn  UiU.dQ.  The  LDOS  is  therefore  obtained  directly  from  the  diagonal  elements, 
=  -iDiag(Im[G]). 


3.  Results 

The  numerical  technique  presented  in  Section  2  was  used  to  compute  the  LDOS  for  sev¬ 
eral  different  scattering  geometries.  The  modeled  structures  are  based  on  the  experimen¬ 
tal  corral  geometries  reported  in  Ref.  [3-4],  from  which  the  experimental  data  on  Cu(lll) 
and  the  multiple  scattering  theory  results  shown  in  the  following  figures  was  adapted  for 
comparison.  Each  numerical  scattering  domain  was  discretized  by  a  non-uniform  trmn- 
gular  mesh  which  extends  beyond  each  Fe  adatom  corral.  The  Fe  adatoms,  discretized 
and  modeled  as  hard- wall  finite  barriers  of  1.52 A  diameter,  are  centered  about  positions 
corresponding  to  sites  equidistant  from  the  2.55A  spaced  nearest-neighbor  hexagonal 
Cu(lll)  sites.  Careful  placement  of  the  adatom  sites  around  the  corral  is  necessary  to 
obtain  detailed  agreement  with  the  reported  experimental  spatial  variation  of  the  LDOS. 
The  LDOS  was  computed  for  three  different  Cu(lll)  substrate  domains:  the  48  Fe  atom 
143 A  diameter  circular  corral,  the  60  Fe  atom  177. 4A  diameter  circular  corral,  and  the 
76  Fe  atom  141  Ax  285 A  oval  “stadium”  corral.  The  only  two  parameters  which  were 
varied  were  the  electron  effective-mass,  m*,  and  the  barrier  height,  Eb,  of  the  Fe  atom 
hard- wall  potential. 

Plotted  in  Fig.  1  is  the  computed  LDOS  at  the  center  of  the  48  Fe  atom  circular 
corral.  The  reported  STM  differential  conductance  cf//dR,  adapted  from  Ref  [3],  and 


Figure  1.  The  LDOS  and  reported  dl/dV  Figure  2.  The  LDOS  and  reported  dl/dV 
measurements  for  a  48  Fe  atom  circular  corral  measurements  for  a  60  Fe  atom  circular  corral 
on  Cu(lll).  ++  Adapted  from  Ref.  [3].  on  Cu(lll).  ++  Adapted  from  Ref.  [4]. 
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region  identifies  the  reported  experimental  data,  while  the  solid  curve  identifies  the 
computed  LDOS  using  the  local  NRBC  method.  The  vertical  lines,  which  are  also 
marked  on  the  axis,  identify  the  zero  angular  momentum  eigen-energies  of  the  infinite 
hard-wall  circular  quantum  box.  The  quantum  box  states  were  computed  from  the 
zeros  of  the  Bessel  function,  Jo,  using  an  effective  mass  m*  =  0.38  x  mo-  The  elastic 
scattering  calculation  of  the  LDOS  has  excellent  agreement  with  the  experimental  data. 
To  achieve  this  agreement,  an  effective  mass  of  m*  =  0.345  x  mo  and  an  Fe  barrier 
height  of  Eb  =  4.05  eV  was  used.  The  lack  of  agreement  of  the  high  energy  peak 
with  the  quantum  box  state  has  been  attributed  [3]  to  the  motion  of  the  Fe  adatoms 
from  their  original  positions,  as  well  as  possible  finite  barrier  height  effects  of  the  Fe 
atoms.  It  is  expected  that  the  mislocation  of  the  Fe  atoms  from  their  original  corral  sites 
would  significantly  change  the  interference  behavior  of  the  scattering  states  and  thus 
change  the  energy  spectra  of  the  LDOS  from  that  predicted  by  the  NRBC  calculation. 
The  predicted  low  energy  peaks  are  sharper  than  the  experimental  data,  indicating  the 
limit  of  the  STM  instrument  broadening.  The  peak  locations,  however,  show  excellent 
agreement  with  the  reported  measurement. 

Similarly  plotted  in  Fig.  2  is  the  computed  LDOS  at  the  center  of  the  60  Fe  atom 
circular  corral.  The  reported  STM  differential  conductance  J//dR,  adapted  from  Ref. 
[4],  and  the  computed  LDOS  are  shown  as  a  function  of  the  STM  bias  potential.  Also 
shown  by  the  dashed  curve  is  the  reported  multiple  scattering  theory  result  adapted 
from  Ref.  [4],  while  the  vertical  lines  again  represent  the  zero  angular  momentum  eigen- 
energies  of  the  hard-wall  circular  quantum  box  with  m*  =  0.38  x  tuq.  Again,  the  elastic 
scattering  calculation  of  the  LDOS  has  excellent  agreement  with  both  the  peak  widths 
and  locations  of  the  experimental  data,  and  is  comparable  to  the  results  of  the  alternative 
model  of  Heller  et  al.  In  this  case  an  effective  mass  of  m*  =  0.3605  x  mo  and  an  Fe  barrier 
height  of  Eb  =  3.871  eV  were  used.  The  lowest  peak  is  resolved  as  only  a  shoulder  of  the 
second  peak  in  the  reported  experimental  data.  The  downward  shift  of  the  high  energy 
peak,  presumably  due  to  Fe  atom  displacement,  is  also  seen. 


Figure  3.  The  spatial  variation  of  the  LDOS  Figure  4.  Image  of  the  theoretical  LDOS  for 
and  reported  dl/dV  measurements  across  the  the  76  Fe  atom  oval  corral  for  E  =  0.45  eV. 
diameter  of  the  60  Fe  atom  circular  corral.  Excellent  agreement  is  achieved  with  the  re- 
++  Adapted  from  Ref.  [4].  ported  STM  dl/dV  image  in  Ref.  [4]. 
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To  further  demonstrate  the  detailed  agreement  of  our  model  with  the  experimental 
data  we  compare  the  real  space  LDOS  through  the  center  of  the  60  Fe  atom  circle.  The 
LDOS  at  two  energies  (thick  solid  curve),  offset  for  clarity,  is  plotted  in  Fig.  3  as  a 
function  of  distance  and  is  compared  against  both  the  experimental  data  (dashed  line) 
and  theoretical  calculations  (thin  solid  curve)  adapted  from  Ref.  [3].  The  same  effective 
mass  and  barrier  height  from  Fig.  2  were  used  for  the  elastic  scattering  calculation  of 
the  LDOS.  As  was  the  case  for  the  reported  multiple  scattering  theory,  a  slightly  higher 
energy  was  necessary  to  match  the  experimental  data. 

Finally,  we  demonstrate  that  our  method  reproduces  the  fully  two  dimensional  image 
of  the  LDOS  for  the  oval  “stadium”  shaped  quantum  corral  reported  by  Heller  et  al.  [4]. 
Shown  in  Fig.  4  is  the  contour  shaded  plot  of  the  LDOS  calculated  using  our  elastic 
scattering  model  for  an  effective  mass  of  m*  =  0.321  x  mo  and  an  Fe  barrier  height  of 
Eb  =  4-35  eV.  The  calculation  was  performed  for  the  same  energy,  E  =  0.45  eV,  as 
reported  for  the  experimental  measurement.  The  LDOS  closely  matches  the  reported 
image  of  the  STM  differential  conductance  and  reproduces  the  fine  details  of  the  electron 
interference  pattern.  To  achieve  this  level  of  agreement  no  energy  shifting  was  necessary. 


5.  Conclusion 

We  have  presented  a  method  for  solving  the  two-dimensional  effective-mass  Hamdto- 
nian  on  open  boundary  domains  for  the  local  density  of  electronic  state.  The  technique 
implements  non- reflecting  boundary  conditions  on  an  artificial  boundary  which  are  com¬ 
patible  with  outward  Sommerfeld  radiation  conditions.  The  LDOS  was  computed  for 
the  recently  reported  48  Fe  atom  [3]  and  60  Fe  atom  [4]  circular  quantum  corrals  and 
for  the  76  Fe  atom  oval  “stadium”  corral  [4].  Excellent  agreement  is  achieved  between 
our  theoretical  calculation  and  the  experimental  data.  The  results  demonstrate  that  a 
purely  elastic  scattering  model  is  sufficient  to  reproduce  the  details  of  the  experimental 
STM  data  as  opposed  to  the  alternative  multiple  scattering  theory  of  Heller  et  al. 
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Abstract:  We  investigate  three-dimensional  effects  in  sub-micron  GaAs  MESFETs  us¬ 
ing  PMC-3D,  a  parallel  three-dimensional  Monte  Carlo  device  simulator.  A  realistic 
device  structure  is  simulated  to  study  the  effects  of  scaling  the  length  and  width  of 
the  gate  electrode  of  devices  on  the  intrinsic  transconductance  and  output  impedance, 
computed  using  Monte  Carlo  transient  statistics.  Gate  electrode  overlap  geometries  and 
the  resultant  electric  field  variations  for  small  gate  widths  could  explain  deviations  from 
expected  trends. 

1.  Introduction 

Most  device  simulations  still  only  consider  two-dimensional  device  cross-sections,  as¬ 
suming  a  slow  variation  of  electrical  phenomena  along  the  usually  longer  third  (width) 
dimension  [1,  2,  3].  The  validity  of  such  an  assumption  may  not  be  universally  true, 
especially  given  the  increcised  integration  densities  of  modern  day  commercial  GaAs  ICs. 
When  widths  of  devices  are  scaled  down  progressively,  realistic  device  simulations  should 
consider  not  only  the  active  device  volume,  but  also  the  encompassing  semiconductor 
geometries  [4],  Furthermore,  simple  scaling  rules  for  device  parameters  usually  derived 
using  elementary  device  simulation  approaches  such  as  the  drift- diffusion  technique  start 
to  lose  validity  [5].  Consequently,  even  the  circuit  simulation  tools  that  often  use  such 
lumped  parameter  device  models  tend  to  be  inaccurate  when  used  to  design  large-scale 
integrated  circuits.  This  work  investigates  the  effects  of  the  three-dimensional  nature  of 
small  dimension  devices  using  a  sub-micron  GaAs  MESFET  as  an  example.  The  effect 
of  shrinking  down  the  gate  length  and  width  on  the  frequency-dependent  small-signal 
device  parameters  are  computed  using  a  three-dimensional  Monte  Carlo  solver. 

2.  Monte  Carlo  device  simulator 

PMC- 3D,  a  parallel  Monte  Carlo  three  dimensional  device  solver  [6]  is  used  to  simulate 
MESFET  geometries  with  different  gate  electrode  dimensions.  The  Monte  Carlo  model 
for  bulk  GaAs  includes  all  the  pertinent  scattering  mechanisms  and  a  three- valley  con¬ 
duction  band.  To  compute  the  forces  that  accelerate  the  particles  during  statistically 
selected  free-flights,  Poisson’s  equation  is  solved  periodically  during  the  course  of  the 
simulation.  The  parallel  implementation  of  the  Poisson  solver  is  based  on  an  iterative 
method  that  uses  an  odd/even  (or  red/black)  ordering  of  grid  points  with  Chebyshev  ac¬ 
celeration  [7].  While  Dirichlet  boundary  conditions  are  assumed  for  the  three  electrodes, 
Neumann  boundary  conditions  are  assumed  elsewhere,  except  on  the  top  surface  wherein 
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Fermi-level  pinning  of  the  GaAs-air  interface  is  assumed,  resulting  in  a  surface-potential 
of  about  0.6  V  [8].  The  source  and  drain  contacts  are  simulated  by  absorbing  all  the  elec¬ 
trons  that  hit  the  electrodes  and  by  injecting  a  sufficient  number  of  electrons  (according 
to  a  hemi-Maxwellian  distribution)  to  maintain  charge  neutrality  in  the  region  adjacent 
to  the  electrodes.  The  Schottky  gate  (with  a  barrier  height  of  0.8  eV)  is  modeled  by 
absorbing  all  the  electrons  that  hit  the  gate.  An  electron  that  hits  any  other  point  on 
the  boundary  is  reflected  by  reversing  the  component  of  velocity  normal  to  the  surface. 

With  a  set  of  bias  voltages  applied  to  the  electrodes,  the  current  associated  with  an 
electrode  is  obtained  using  the  time  derivative  of  the  equivalent  integrated  charge  that  is 
obtained  by  summing  the  displacement  charge  (due  to  temporal  changes  in  the  normal 
component  of  the  electric  field)  at  the  electrode  and  the  recorded  net  charge  transfer 
(due  to  the  flow  of  particles)  across  the  electrode  [8,  9] . 


Figure  1:  MESFET  device  structure  used  in  this  work. 

The  frequency-dependent  small-signal  parameters  such  as  the  transconductance  gm 
and  the  output  impedance  Rq  are  obtained  simply  by  Fourier  transforming  the  transient 
currents  obtained  at  the  electrodes  by  stepping  the  voltage  of  one  electrode,  while  keep¬ 
ing  the  potential  on  the  other  electrodes  constant  [7,  8].  For  example,  by  applying  a 
step  voltage  to  the  electrode,  the  resultant  drain  current  transient  is  recorded,  and 
Fourier  transformed  to  yield  the  output  impedance  Ro-  Similarly,  by  stepping  the  gate 
voltage  and  tracking  the  drain  current  transient,  the  frequency-dependent  device  intrin¬ 
sic  transconductance  g^,  is  obtained.  While  the  minimum  time  step  used  in  collecting 
the  transient  statistics  determines  the  maximum  frequency  that  can  be  obtained  from 
the  Fourier  transform,  the  total  time  of  the  transient  curve  determines  the  frequency 
resolution  attainable. 


3.  MESFET  Device  simulation 

Owing  to  the  3-D  nature  of  small-dimension  devices,  the  incorporation  of  a  realistic  dop¬ 
ing  and  geometry  are  necessary  to  simulate  such  devices.  This  implies  that  simulations 
need  to  consider  not  only  the  active  device  volume,  but  also  the  encompassing  semicon¬ 
ductor  geometries.  In  the  structure  simulated  in  this  work,  we  consider  a  conventional 
MESFET  geometry,  that  is  surrounded  by  a  semi-insulating  substrate  on  all  sides  (refer 


795 


to  Fig.  1).  The  MESFET  structure  itself  consists  of  gates  0.25-1.0  fim  long,  with  drain- 
to-gate  and  source-to-gate  distances  of  0.25  fim  each.  The  epi-layer  is  assumed  to  have 
a  doping  of  2xl0^^/cm“^,  and  the  substrate  a  doping  of  lxl0^^/cm“^.  Gate  widths 
between  10  fim  and  40  fim  are  investigated. 

3.1.  Particle  distribution 

Figure  2  shows  the  particle  distributions  in  steady-state  for  a  0.25  fim  gate  device,  a 
gate  bias  of  -0.2  V,  and  a  drain  bias  of  2.0  V,  for  the  planar  structure  used  in  this  work. 
Also  shown  is  the  particle  distribution  of  a  recessed-gate  structure,  corresponding  to  a 
commercial  MESFET  device  geometry  {Lg  =  0.50  fim,  Vj  =  3.0  V,  ==  0.0  V).  We  see 
in  both  cases  the  formation  of  a  depletion  region  under  the  gate,  and  the  formation  of 
a  conducting  channel.  Velocity  saturation  is  clearly  responsible  for  saturation  in  device 
I-V  characteristics,  as  opposed  to  channel  pinch-off,  for  these  short-channel  devices. 
A  considerable  number  of  carriers  stray  into  the  lighter-doped  substrate,  thereby  not 
participating  in  conducting  current.  While  this  is  an  effect  that  is  not  usually  observable 
in  device  simulations  of  two-dimensional  slices,  it  accounts  for  a  slight  reduction  in  the 
computed  current  in  comparison  with  the  values  obtained  using  a  more  conventional 
structure. 


Figure  2:  Particle  distributions  at  steady-state  for  a  planar  device  and  a  recessed-gate 
device. 


3.2.  Small-signal  parameters 

Figure  3a  shows  the  variation  of  the  DC  transconductance  with  gate  length  for  two  dif¬ 
ferent  gate  widths.  While  the  transconductance  scales  with  length  in  general,  it  saturates 
for  very  small  gate  lengths  (below  0.25  fim).  Furthermore,  the  transconductance  does 
not  scale  linearly  with  width  for  a  given  gate  length.  This  deviation  from  expected  be¬ 
havior  is  observed  especially  for  smaller  gate  widths.  For  small  width  dimensions,  due  to 
the  gate  overlap  region  outside  of  the  heavily  doped  epitaxial  channel  region,  the  electric 
fields  are  no  longer  strictly  along  the  length  of  the  channel.  The  resultant  fringing  fields 
could  explain  the  deviation  of  of  intrinsic  transconductance  from  expected  trends. 

In  Fig.  3b,  the  frequency-dependent  voltage  gain  parameter  associated  with  a  MES¬ 
FET  device  with  a  10  fim  wide  gate  is  shown.  The  voltage  gain  is  calculated  as  the 
product  gmRo  of  the  frequency-dependent  transconductance  and  the  output  impedance. 
A  simulated  unity  voltage-gain  frequency  in  excess  of  100  GHz  is  obtained  for  both  the 
0.25  fim  and  0.50  fim  gate  lengths. 
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Figure  3:  (a)  DC  transconductance  variation  with  gate  length,  (b)  Variation  of  voltage 
gain  with  frequency. 


4.  Conclusion 

An  investigation  of  the  effects  of  scaling  gate  dimensions  in  a  sub-micron  MESFET  re¬ 
veals  the  increasing  importance  of  three-dimensional  effects  for  small- dimension  devices. 
A  rigorous  study  of  such  effects  is  crucial  to  the  design  of  commercial  GaAs  integrated 
circuits. 
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Abstract.  The  impact  ionization  threshold  energies  for  Alj^-Caj.^As  were  evaluated  over  the  entire 
first  Brillouin  zone  using  a  16  node  Intel  iPSC/860  hypercube.  The  bandstructures  were  evaluated 
using  the  empirical  pseudopotential  method  and  Anderson  and  Crowell’s  procedure  was  used  to 
evaluate  the  ionization  threshold  energies.  An  efficient  parallel  sorting  and  searching  procedure  was 
used  to  obtain  significant  speedups  in  the  calculation.  Our  results  show  that  while  the  threshold 
energy  for  GaAs,  E^}^(k),  is  reasonably  isotropic  over  the  Brillouin  zone,  it  displays  marked 
anisotropy  for  Al^Gaj.^As  with  aluminum  mole  fraction  greater  than  0.45  (corresponding  to  the 
transition  from  direct  to  indirect  bandgap  material).  The  results  also  show  that  while  the  use  of  a 
constant  ionization  threshold  energy  value  for  GaAs  may  be  a  good  approximation  in  carrier  transport 
calculations,  it  may  be  necessary  to  use  wavevector  dependent  threshold  energies  for  AI^Gaj.^^As. 
We  believe  that  this  is  the  first  time  that  such  a  calculation  has  been  performed  over  the  entire  first 
Brillouin  zone  in  AlxGa|_^As. 


1.  Introduction 

The  importance  of  impact  ionization  in  modern  semiconductor  devices  has  stimulated  extensive 
research  in  recent  years  [1].  Many  novel  heterostructure  devices  containing  AlGaAs  layers  have 
been  proposed  to  increase  the  performance  characteristics  of  devices  like  optical  detectors, 
resonant  tunneling  diodes,  electro-optic  devices  and  bipolar  transistors.  Many  of  these  devices 
employ  thin  layers,  multi  quantum  wells  (MQW)  or  superlattices  [2].  Since  high  electric  fields 
can  exist  in  such  thin  layers,  even  for  moderate  applied  voltages,  it  is  important  to  study  high 
energy  processes  like  impact  ionization  in  such  material  systems  to  optimize  the  device 
performance. 

Impact  ionization  occurs  when  a  carrier  with  sufficient  energy  excites  an  electron  from  the 
valence  band  to  the  conduction  band.  In  the  presence  of  a  large  electric  field,  the  newly  generated 
carriers  may  themselves  acquire  sufficient  energy  to  initiate  an  impact  ionization  event.  Early 
models  for  impact  ionization  were  based  on  expressions  that  related  a  uniform  electric  field  to  the 
observed  impact  ionization  rate  of  the  material.  Implicit  in  such  models  is  the  assumption  that 
there  exists  a  one-to-one  correspondence  between  the  local  electric  field  and  the  carrier  distribution 
function.  This  is  clearly  not  the  case  for  structures  that  exhibit  electric  fields  varying  rapidly  in 
space.  Because  this  process  involves  high  energy  electrons,  accurate  simulation  of  the 
phenomena  requires  detailed  descriptions  of  the  tail  of  the  carrier  distribution  function  and  the 
energy  band  structure  of  the  material.  Microscopic  models  of  the  impact  ionization  phenomena  are 
based  on  individual  carrier  energies.  The  minimum  energy  required  by  a  carrier  for  impact 
ionization,  consistent  with  energy  and  momentum  conservation,  is  defined  as  the  threshold 
energy.  The  threshold  energy  is  a  fundamental  material  parameter  that  appears  directly  in 
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analytical  expressions  for  the  ionization  rate.  These  expressions  for  ionization  rates  depend 
exponentially  on  the  threshold  energy.  Hence  small  changes  in  the  threshold  energy  can  have  a 
large  effect  on  the  calculated  ionization  rate.  It  is  therefore  important  to  have  a  good  estimate  of 
the  threshold  energy  for  any  semiconductor  material  under  consideration.  The  threshold  energy  is 
a  difficult  parameter  to  measure  directly.  In  typical  device  simulation  work,  the  threshold  energy 
is  used  in  conjunction  with  some  model  for  the  carrier  distribution  function  (that  itself  is  related  to 
the  electric  fields  found  in  the  device  structure).  Because  the  distribution  function  is  not  well 
known,  the  treatment  of  the  threshold  energy  as  an  adjustable  fitting  parameter  has  been  deemed 
as  somewhat  Justified  [4].  Hence  it  is  not  surprising  to  find  in  the  literature  as  many  values  for  the 
threshold  energy  as  there  are  analytical  models  for  the  ionization  rates  for  a  given  semiconductor. 

Since  bandstructures  of  semiconductors  take  complicated  forms  at  high  energies,  the 
calculation  of  threshold  energies  for  ionization  becomes  a  compute  intensive  problem.  Parallel 
machines  such  as  the  Intel  iPSC/860  hypercube  are  well  suited  to  perform  such  computations  due 
to  the  high  degree  of  parallelism  in  this  type  of  a  problem.  In  this  paper,  we  will  describe  our 
work  in  evaluating  the  threshold  energies  in  Al^Ga^.^As  using  a  16  node  Intel  iPSC/860 

hypercube. 


2.  Simulation  Model 

The  threshold  energy  for  impact  ionization,  clearly  depends  on  the  bandstructure  of  the 
material.  To  evaluate  Eth(k)  throughout  the  Brillouin  zone,  a  realistic  bandstructure  must  be  used. 
Real  bandstructures  take  complicated  forms  in  the  three  dimensional  k  space.  Hence 
determination  of  Et^  from  first  principles  is  a  difficult  task  and  requires  efficient  algorithms. 
Anderson  and  Crowell  [5]  developed  a  method  that  simultaneously  minimizes  the  energy  of  the 
initiating  particle  with  respect  to  small  changes  to  the  wave  vector  of  the  final  particles  and 
conserves  both  the  energy  and  momentum.  Though  this  method  can  be  restrictive  under  certain 
circumstances [6],  it  provides  a  straightforward  approach  to  estimating  the  threshold  energies 
throughout  the  Brillouin  zone  and  produces  good  results  for  direct  band  gap  materials  like  GaAs. 
Indirect  bandgap  materials,  like  AlAs,  exhibit  bands  that  are  not  as  isotropic  as  those  found  in 
direct  bandgap  materials  and  hence  it  is  very  difficult  to  formulate  a  relationship  between  the 
directions  of  the  final  and  initial  states.  Consider  an  initial  electron  T'  in  the  conduction  band 
exciting  an  electron  from  the  valence  band  as  shown  in  Figure  (1).  The  resulting  electrons  '2'  and 
'3'  reside  in  the  conduction  band.  In  this  process,  phonons  may  be  either  absorbed  or  emitted. 
For  this  process  the  total  energy  E  and  the  total  wave  vector  k  of  the  resultant  carriers  can  be 
expressed  as  ' 


E  =  E,(k,)  +  E,(k,)-E.(k,)+  (1) 

phonons 

and 

k  =  k2  +  k^-k^+  X  a.k.  (2) 

phonons 


where  and  Ey  are  the  energies  of  the  electron  in  the  conduction  and  valence  bands, 
respectively,  with  wave  vector  ’k’,  a^  is  an  integer  representing  the  number  of  phonons 
participating  in  the  event,  co^k-  is  the  angular  frequency  for  a  ^-phonon  with  wave  vector  kp 
For  any  given  k,  the  minimization  of  the  energy  E  requires  phonon  absorption  processes  only. 
This  minimum  energy  for  an  electron  (or  hole)  to  create  an  electron-hole  pair  subject  to  the 
constraint  that  the  energy  and  momentum  is  conserved  can  be  evaluated  using  Lagrange's  method 
of  undetermined  multipliers.  Using  this  procedure,  Anderson  and  Crowell  showed  that  a 
necessary  condition  for  an  initiating  particle  to  have  a  minimum  energy  consistent  with  pair 
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Figure  1:  Schematic  figure  illustrating  an  impact  ionization  event.  Here  a  high  energy  electron,  '1',  in  the 
conduction  band  excites  an  electron  from  the  valence  band.  The  resulting  electrons,  '2'  and  '3'  reside  in  the 
conduction  band. 


production  is  that  all  the  resultant  particles  have  the  same  group  velocity.  The  group  velocity  v ,  is 
given  by: 


v  =  iv,E(k) 

n 


(3) 


where  E(k)  is  the  dispersion  relationship  (bandstructure)  of  the  semiconductor.  When  the 
dispersion  relationship  is  known,  graphical  techniques  can  be  used  to  determine  the  threshold 
energies.  Due  to  the  compute-intensive  nature  of  this  problem,  the  threshold  energies  have  not 
been  calculated  in  full  three  dimensions  until  recently.  In  this  work,  we  generated  the 
bandstructure  for  GaAs  using  the  empirical  pseudopotential  method.  The  bandstructures  for 
AlGaAs  were  generated  using  Vegard's  law  [3].  Since  the  experimental  form  factors  needed  for 
the  pseudopotential  calculations  are  not  accurately  known  for  Al^Gaj.j^As  for  various  mole 
fractions,  we  used  linear  interpolations  to  obtain  the  form  factors.  We  then  applied  the  graphical 
procedure  as  outlined  in  [5].  The  initiating  electron  at  wavevector  k  travels  with  along  the 
direction  k/|k|  [9].  Hence  the  threshold  energy  E(k)  is  determined  by  the  direction  of  the 
wavevector  of  the  initiating  electron.  This  procedure  involves  the  evaluation  of  the  slopes  of  the 
dispersion  relationship  at  different  wavevector  positions.  It  also  involves  exhaustive  searches 
within  a  given  band  for  a  given  dE(k)/dk.  We  found  that  by  the  selection  and  careful 
implementation  of  an  efficient  search  technique,  we  can  significantly  speed  up  the  computation  of 
Eth{k). 


3.  Parallel  Implementation 

Massively  parallel  processor  (MPP)  computing  systems  have  very  low  'cost  per  MFLOP' 
compared  to  conventional  single-processor  supercomputer  systems.  Combined  with  their  ready 
scalability  and  ease  of  use,  they  are  now  an  attractive  choice  for  the  implementation  of  parallel 
algorithms.  We  implemented  a  sorting/searching  procedure  on  the  Intel  iPSC/860  hypercube.  The 
sorting  procedure  used  was  a  modified  form  of  'radix  sort',  which  is  commonly  used  in  parallel 
applications,  the  search  procedure  was  the  standard  'binary-search'  algorithm.  Valiant  [7] 
obtained  a  bound  on  the  number  of  operations  required  to  perform  parallel  searching.  The 
complexity  of  this  model  is  based  on  the  number  of  computations  involved  and  hence  it  provides  a 
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useful  lower  bound  on  the  inherent  computational  complexity  of  the  algorithm.  Using  this  model 
it  can  be  shown  that  the  speedup  achieved  by  the  parallel  searching  algorithm  'S'  is  given  by: 


'log(n  +  l)] 
log(^  +  l) 
log(P  +  l) 


log(P  +  l) 


(4) 


where  'n'  is  the  number  of  keys  being  searched  and  'P'  is  the  number  of  processors  and  f  jc]  is 
the  'ceil'  function  which  returns  the  least  integral  value  greater  than  or  equal  to  'x'.  Hence  the 
speedup  achieved  through  parallelization  is  logarithmic  only  in  the  number  of  the  processors  used. 

Since  this  shared  memory  SIMD  model  can  require  as  many  as  |'log{n  + l)/log(P  +  l)] 
comparison  steps,  any  model  of  parallel  computation  can  require  at  least  this  many  comparison 
steps  in  the  worst  case.  From  the  above  result,  it  is  clear  that  it  is  not  fruitful  to  speedup  a  single 
search  on  a  parallel  machine.  Instead  it  is  more  interesting  to  consider  speedup  of  several 
searches.  In  our  model,  we  decomposed  the  problem  so  that  searches  on  the  bandstructure  data 
are  evenly  divided  among  the  various  processors.  We  used  the  library  function  calls  available  on 
the  iPS C/860  for  communications  between  the  processors  and  for  sharing  of  the  data.  A 
significant  speed  up  in  the  computation  (five  to  six  times)  was  observed  on  the  parallel  machine 
when  compared  to  our  simulations  on  an  IBM  RS 6000/320. 


4.  Results  and  Conclusions 


The  results  of  our  simulations  are  shown  in  Figures  2-5.  Figure  2,  in  particular,  provides  a  guide 
for  relating  the  plots  of  threshold  energy  to  positions  in  the  Brillouin  zone.  The  evolution  of  the 
threshold  energy  from  an  isotropic  quantity  in  GaAs  to  one  that  is  strongly  anisotropic  is  readily 
observed.  We  can  also  see  the  gradual  increase  in  anisotropy  in  the  threshold  energies  m 
AlxGai_xAs  as  the  mole  fraction  gradually  increases  from  0.00  to  1.00.  This  can  be  explained  by 
the  fact  that  AlxGaj.xAs  becomes  an  indirect  gap  material  for  x  >  0.45.  When  the  threshold 
energy  is  anisotropic  over  the  Brillouin  zone,  the  ionization  cross  section  becomes  a  slowly 
increasing  function  of  the  energy  above  threshold.  This  is  recognized  as  so-called  'soft'  threshold 
[8].  From  our  results,  it  can  be  clearly  seen  that  for  AlxGa^.x^s  (x  >  0.45),  the  ionization 
threshold  is  'soft'  compared  to  GaAs.  In  summary,  the  impact  ionization  threshold  energies  were 
evaluated  for  AlxGai^xAs  on  a  16  node,  Intel  iPSC/860  hypercube.  Significant  speedups  were 
achieved  in  the  calculation  of  this  compute-intensive  problem  by  using  efficient  parallel  algorithms 
for  searching.  We  believe  that  this  is  the  first  time  that  such  a  calculation  has  been  performed  over 
the  entire  first  Brillouin  zone  in  AlxGaj.xAs. 
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Ensemble  Monte  Carlo  Calculation  of  the  Hole  Initiated 
Impact  Ionization  Rate  in  Bulk  GaAs  and  Silicon  Using  a 
k-  Dependent,  Numerical  Transition  Rate  Formulation 
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Abstract.  Tlie  hole  initiated  impact  ionization  rate  in  bulk  silicon  and  GaAs  is  calculated 
using  a  numerical  formulation  of  the  impact  ionization  trtuisition  rate  incorporated  into  an 
ensemble  Monte  Carlo  simulation.  The  tratisition  rate  is  calculated  from  Fcnni’s  golden  rule 
using  a  two-body  screened  Coulomb  interaction  including  a  wavevector  dependent 
dielectric  function.  It  is  found  tliat  tlie  effective  threshold  for  hole  initiated  ionization  is 
relatively  soft  in  both  materials,  that  the  split-off  band  dominates  Uie  ionization  process  in 
GaAs,  and  that  no  clear  dominance  by  any  one  band  is  observed  in  silicon,  though  the  rate 
out  of  the  light  hole  band  is  greatest. 


1.  Introduction 

The  study  of  interband  impact  ionization  is  of  great  importance  to  understanding  the  operation 
of  most  semiconductor  devices.  In  many  structures,  such  as  field  effect  transistors  and  most 
bipolar  transistors,  impact  ionization  can  lead  to  deleterious  effects  greatly  reducing  the 
overall  performance  of  these  devices.  In  other  structures,  such  as  avalanche  photodiodes, 
APDs,  and  IMPATT  diodes  the  control  of  impact  ionization  is  essential  in  producing  an 
optimized  device.  Subsequently,  the  design  and  simulation  of  many  important  semiconductor 
structures  requires  an  accurate  description  of  impact  ionization. 

The  early  theories  of  impact  ionization  [1,2]  provided  a  means  of  understanding  the 
underlying  physics  of  the  process,  but  have  limited  usefulness  for  predicting  the  ionization 
rate  in  a  device  structure.  Major  strides  in  improving  the  theory  of  impact  ionization  were 
first  taken  by  Shichijo  and  Hess  [3]  by  incorporating  the  full  details  of  the  energy 
bandstructure  into  the  calculation  of  the  ionization  rate.  However,  their  method  and  those  of 
others  [4]  used  a  simplified  fomiula  for  the  ionization  transition  rate,  the  Keldysh  fonnula  [5]. 
Though  the  Keldysh  formula  has  been  commonly  used  it  has  several  major  limitations. 
Among  these  are  its  failure  to  include  any  wavevector  dependence  of  the  ionization  rate,  its 
reliance  on  two  fitting  parameters,  and  its  derivation  based  on  parabolic  energy  bands. 

Recently,  there  has  been  great  progress  in  constructing  an  accurate  theoiy  of  the 
impact  ionization  transition  rate  which  overcomes  the  limitations  of  the  Keldysh  fonnula  [6- 
16].  in  most  of  these  theories  the  transition  rate  is  numerically  evaluated  enabling  the 
inclusion  of  the  full  details  of  the  bandstructure  through  a  direct  calculation  of  the  transition 
rate  without  any  parametrization.  These  theories  have  enabled  a  much  greater  understanding 
of  the  physics  of  impact  ionization.  To  the  authors’  knowledge,  the  numerical  theories  have 
all  concentrated  on  electron  initiated  ionization  and  no  work  has  been  done  on  hole  initiated 
impact  ionization.  It  is  the  purpose  of  this  paper  to  present  the  first  calculations  of  the  hole 
initiated  impact  ionization  rate  in  bulk  silicon  and  GaAs  using  a  numerical  formulation  of  the 
transition  rate. 
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2.  Model  description 

The  calculations  are  performed  using  an  ensemble  Monte  Carlo  simulator  which  includes  the 
full  details  of  the  valence  bands  and  the  phonon  scattering  mechanisms.  The  model 
incorporates  two  advanced  features  beyond  that  typically  used  [3,4].  The  first  improvement 
is  the  inclusion  of  a  completely  numerical  technique  for  calculating  the  phonon  scattering 
rates,  i.e.,  acoustic,  nonpolar  and  polar  optical,  which  accounts  for  the  anisotropy  and  warping 
of  the  energy  bands  [17].  The  second  modification  is  the  inclusion  of  a  fully  numerical 
treatment  of  the  ionization  transition  rate  including  a  wavevector  dependent  dielectric 
function.  The  dielectric  function  is  determined  using  the  model  dielectric  function  of  Levine 
and  Louie  [18].  The  background  earner  concentration  is  assumed  to  be  5.0  x  10^^  cm 

The  transition  rate  is  evaluated  following  the  approach  of  Wang  et  al.  [7,8]  used 
previously  for  electron  initiated  ionization.  The  hole  initiated  ionization  rate  is  determined  for 
the  heavy,  light  and  split-off  valence  bands  at  each  mesh  point  within  a  finely  spaced,  1419 
point,  k-space  grid  spanning  the  reduced  zone  of  the  first  Brillouin  zone  and  is  incorporated 
into  the  Monte  Carlo  simulator.  By  performing  an  additional  averaging  over  energy,  further 
information  about  the  ionization  transition  rate  can  be  gleaned.  It  is  found  that  the  energy 
dependent  transition  rates  are  comparable  among  all  three  valence  bands  at  low  energy  in 
silicon.  At  higher  energy,  the  transition  rate  within  the  split-off  band  is  only  slightly  larger 
than  the  corresponding  rate  within  the  light  hole  band,  but  the  rates  within  both  of  these  bands 
are  very  much  larger  than  that  within  the  heavy  hole  band.  In  contrast,  in  GaAs,  the  energy 
dependent  ionization  rate  within  the  split-off  band  is  substantially  larger  than  that  in  either 
the  light  or  heavy  hole  bands.  The  rate  within  the  heavy  hole  band  in  GaAs  is  particularly 
low. 


3.  Calculated  results 

The  calculated  hole  initiated  ionization  rate  as  a  function  of  inverse  electric  field  along  the 
(100)  direction  in  bulk  silicon  is  plotted  in  Figure  1.  Experimental  measurements  [19-21] 
which  comprise  a  representative  set  of  data  are  plotted  in  Figure  1  as  well.  As  can  be  seen 
from  the  figure,  the  calculations  lie  within  the  range  of  the  experimental  measurements  and 
are  in  particularly  good  agreement  with  Overstraeten’s  results  [19].  It  is  further  found  that 
most  of  the  ionization  events  (between  60%  and  50  %  of  the  total)  in  silicon  originate  from 
within  the  light  hole  band  at  all  of  the  applied  fields  considered.  At  higher  electric  field 
strengths,  the  contribution  from  the  split-off  band  increases  significantly,  to  -35%,  while  that 
from  the  heavy  hole  band  decreases  ,  to  -10%. 

The  calculated  hole  impact  ionization  rate  in  bulk  GaAs  along  the  (100)  direction  as 
a  function  of  inverse  electric  field  is  plotted  in  Figure  2  along  with  the  experimental 
measurements  of  Bulman  et  al.  [22].  Again  fair  agreement  between  the  calculations  and  the 
experimental  results  are  obtained.  In  GaAs,  owing  to  the  much  higher  transition  rate  within 
the  split-off  band,  the  vast  majority  of  hole  initiated  events,  from  -60%  at  250  kV/cm  to  -80% 
at  500  kV/cm,  originate  from  within  the  split-off  band.  Less  than  5%  of  the  ionization  events 
originate  from  within  the  heavy  hole  band  at  all  electric  fields  in  GaAs. 

The  nature  of  the  effective  threshold  energy  can  be  ascertained  by  calculating  the 
quantum  yield.  The  quantum  yield  is  plotted  as  a  function  of  hole  injection  energy  in  both 
GaAs  and  silicon  in  Figure  3.  As  can  be  seen  from  Figure  3,  100%  hole  ionization  occurs  at 
-5  and  -4  eV  in  silicon  and  GaAs  respectively.  For  both  materials  notice  that  the  quantum  yield 
is  appreciably  less  than  1  at  energies  less  than  5  and  4  eV  respectively  indicating  that  the 
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holes  do  not  necessarily  ionize  at  these  energies.  This  result  implies  that  the  effective  hole 
ionization  thresholds  in  both  silicon  and  GaAs  are  relatively  soft.  Additionally,  owing  to  the 
fact  that  the  quantum  yield  saturates  sooner  in  GaAs  than  in  silicon,  the  threshold  is 
apparently  somewhat  harder  in  GaAs  than  in  silicon. 


4.  Conclusions 

In  this  paper,  the  first  calculations  of  hole  initiated  impact  ionization  in  bulk  GaAs  and  silicon 
using  a  complete  numerical  formulation  of  the  transition  rate  have  been  presented.  It  is  found 
that  the  effective  hole  ionization  threshold  energies  in  both  materials  are  relatively  soft. 
Comparison  of  the  quantum  yield  data  for  holes  to  that  for  electron  initiated  ionization  [23] 
shows  that  the  threshold  energy  is  relatively  soft  for  both  carrier  species  in  these  materials. 
Interestingly,  the  electron  ionization  threshold  in  GaAs  is  also  somewhat  harder  than  the 
electron  ionization  threshold  in  silicon  as  was  determined  in  references  7  and  8.  It  is  further 
found  that  the  vast  majority  of  ionization  events  originate  from  within  the  split-off  valence 
band  in  GaAs  while  no  band  clearly  dominates  the  ionization  process  in  silicon. 
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Abstract.  As  silicon-based  MOSFETs  used  in  CMOS  ULSI  circuits  are  scaled  to  physical  gate 
lengths  below  lOOnm,  it  becomes  much  more  difficult  to  maintain  the  requirement  for  acceptable 
standby  power  because  of  the  problem  of  increasing  off-state  leakage  currents.  In  addition, 
conventional  scaling  techniques  will  not  be  able  to  offset  device  leakage  currents  indefinitely  without 
seriously  degrading  other  aspects  of  device  performance.  This  paper  focuses  on  a  novel  approach  that 
makes  use  of  a  heterojunction  barrier  at  the  source/channel  junction  in  order  to  control  off-state 
leakage  current  and  reduce  the  effects  of  drain-induced  barrier  lowering  (DIBL).  Results  of  two- 
dimensional  numerical  simulations  of  the  new  structure  will  be  discussed  and  compared  with 
conventional  silicon  MOSFET  structures.  The  device  will  be  illustrated  with  the  GexSi].x/Si 
heterojunction  system,  but  additional  material  systems  will  be  discussed. 


1.  Introduction 

In  deep  submicron  silicon  MOSFETs  for  ULSI-generation  circuits,  it  is  becoming  increasingly 
difficult  to  control  the  off-state  leakage  currents  in  the  device  without  degrading  other  key  device 
performance  characteristics.  This  is  one  of  the  major  obstacles  to  continued  scaling  of  MOSFET 
devices  [1].  With  the  demand  for  improved  low  power,  portable  electronics,  the  minimization  of 
transistor  off-state  leakage  is  crucial  for  success.  Physically,  as  devices  are  scaled  into  the  deep 
submicron  regime,  the  depletion  regions  formed  at  the  source  and  drain  sides  of  the  device  can 
overlap  in  the  channel  and  allow  the  electric  field  from  the  drain  to  reach  across  the  channel  and 
lower  the  barrier  to  the  source  carriers,  thereby  causing  an  increase  in  the  drain  leakage  current. 
This  is  a  phenomena  known  as  drain-induced  barrier  lowering  (DIBL).  Since  the  number  of 
source  carriers  that  are  able  to  surmount  the  potential  energy  barrier  is  exponentially  dependent  on 
the  barrier  height,  any  amount  of  barrier  lowering  due  to  changes  in  the  drain  bias  can  greatly 
increase  the  total  device  leakage.  In  addition,  because  the  drain  is  able  to  influence  the  off-state 
leakage  current,  the  MOSFET  is  no  longer  exclusively  a  gate  controlled  transistor,  and  the 
electrical  characteristics  can  deteriorate  considerably,  especially  when  channel  lengths  decrease  to 
and  below  lOOnm. 

Conventionally,  the  control  of  the  off-state  and  subthreshold  characteristics  of  MOSFETs 
has  been  straightforward  and  has  involved  a  combination  of  higher  channel  doping  levels,  thinner 
gate  oxides,  and  shallower  junction  depths  as  the  device  dimensions  were  decreased.  The  primary 
purpose  of  these  approaches  was  to  maintain  an  adequate  potential  energy  barrier  between  the 
source  and  the  drain.  These  approaches  were  developed  to  minimize  off-state  leakage  currents, 
while  giving  the  gate,  and  not  the  drain,  control  of  the  channel  potential.  The  higher  channel 
doping  concentration  prevents  the  depletion  regions  from  the  source  and  the  drain  sides  from 
overlapping  in  the  channel  and  causing  DIBL  effects  such  as  a  lowering  of  the  threshold  voltage 
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(AVt).  However,  with  the  reduction  in  total  device  area,  these  scaling  methods  ^e  approaching 
limits,  introducing  additional  physical  effects  that  degrade  other  aspects  of  the  device  performance 
and  pushing  the  edge  of  reliable  manufacturing  technology.  Higher  levels  of  channel  doping 
degrade  the  inversion  layer  mobility  and  start  to  introduce  quantum  mechanical  shifts  that  increase 
the  threshold  voltage  [2].  In  addition,  it  has  recently  been  shown  that  significant  statistical 
variations  in  the  threshold  voltage  arise  due  to  statistical  variations  in  the  number  and  location  of 
the  channel  dopant  atoms  as  the  channel  volume  becomes  very  small.  This  can  greatly  complicate 
device,  circuit,  and  system  performance  [3,4].  It  is  advantageous  to  maintain  the  channel  doping 
as  low  as  possible  to  avoid  these  effects.  One  example  of  a  fundamental  limit  is  the  minirnum  gate 
oxide  thickness  that  is  widely  accepted  to  be  limited  to  about  3nm  because  of  direct  tunneling  from 
the  substrate  to  the  gate. 

In  order  to  overcome  these  scaling  limitations,  a  new  structural  concept  has  been 
introduced  that  makes  use  of  a  heterojunction  to  provide  a  potential  energy  barrier  between  the 
source  and  the  drain  that  is  not  easily  lowered  by  application  of  a  drain  bias  [5].  Control  of  the 
off-state  leakage  of  a  device  with  the  built-in  band  offset  of  a  heterojunction  provides  an  additional 
degree  of  freedom  in  designing  deep  submicron  MOSFETs  and  helps  avoid  some  of  the  problems 
with  the  traditional  scaling  approaches.  Previous  simulation  results  indicated  that  there  was 
indeed  a  reduction  in  off-state  leakage  current  when  the  heterojunction  was  used  to  enhance  the 
total  barrier  height  from  the  source  to  the  drain.  In  this  work,  a  discussion  of  heterojunction 
MOSFET  scaling  to  ultra-small  (<100nm)  dimensions  will  be  discussed  and  different  structural 
options  will  be  presented.  Numerical  simulations  of  these  devices  have  been  performed  with 
ATLAS/BLAZE[6]  from  SILVACO  using  the  heterojunction  transport  equations  and  a 
representative  suite  of  MOSFET  models,  such  as  advanced  inversion  layer  mobility  and  bandgap 
narrowing  in  the  heavily  doped  source  and  drain  regions. 


2.  Scaling  Approaches 

The  basic  failure  of  the  homojunction  MOSFET  at  extremely  short  gate  lengths  (50nm  in  these 
simulations)  is  readily  seen  in  Figure  1.  In  this  particular  device  (tox=4nm,  Xj=:20nm, 
Nsub=5xl0i6cm-3  at  the  surface,  Nsub=lxl0i8cm-3  lOnm  below  the  interface,  and  Nsub=10^'^cm-3 
in  the  bulk),  the  insufficient  doping  in  the  channel  region  is  unable  to  prevent  the  lateral  spread  of 
the  depletion  regions  from  overlapping  in  the  channel.  This  reduces  the  potential  energy  barrier 
between  the  source  and  drain  and  causes  a  large  off-state  leakage  current  to  flow.  As  the  drain 
bias  is  increased  from  -0.1  to  -l.OV,  the  potential  energy  barrier  is  further  lowered  due  to  the 
drain  electric  field  and  the  peak  of  the  potential  energy  barrier  is  shifted  towards  the  source.  Since 


Fig.  I:  Drain-Induced  Barrier  Lowering  (DIBL)  in  a 
deep  submicron  (Leff=50nm)  MOSFET.  The  applied 
drain  bias  will  increase  the  off-state  leakage  current 
and  lower  Vt. 


Fig,  2:  A  heterojunction  MOSFET  similar  in 
structure  and  doping  to  the  conventional  MOSFET 
but  with  Geo.4Sio.6  source/drain  regions.  In  this 
simulation,  the  total  barrier  height  to  holes  near  the 
surface  is  not  influenced  by  the  drain  bias. 
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the  amount  of  off-state  leakage  is  exponentially  dependent  on  the  barrier  height,  this  barrier 
lowering  effect  is  undesirable  in  CMOS  ULSI  circuits.  In  a  device  such  as  this,  unacceptably 
high  values  of  off-state  leakage  would  prevent  this  device  from  being  used  in  low  power 
applications  and  would  make  the  threshold  voltage  and  logic  levels  difficult  to  control. 

In  contrast  to  the  conventional  MOSFET,  the  heterojunction  MOSFET  (HJMOSFET) 
shown  in  Figure  2  has  the  same  oxide  thickness,  Junction  depth,  and  doping  parameters  as  the 
conventional  MOSFET,  but  does  not  rely  on  the  pn  Junction  doping  to  provide  the  potential 
energy  barrier  that  is  necessary  for  acceptable  subthreshold  performance.  In  this  case,  the 
source/drain  regions  are  p+Geo.4Sio.6  on  an  n-type  Si  substrate  so  the  built-in  band  offset  of  the 
heterojunction  provides  a  potential  barrier  of  about  0.3eV  and,  most  importantly,  the  barrier  is  not 
easily  influenced  by  the  bias  applied  to  the  drain  side  of  the  device.  With  such  a  barrier,  the  off- 
state  leakage  current  is  limited  by  thermionic  emission  over  the  barrier.  Furthermore,  as  the  bias 
is  increased  on  the  drain  side,  the  total  barrier  height  seen  by  the  carriers  in  the  source  (holes  in 
this  case)  is  not  significantly  influenced  by  these  electric  fields.  In  this  case,  the  off-state  leakage 
current  can  be  directly  controlled  by  the  choice  of  the  heterojunction  band  offset,  or  a  Schottky 
barrier  workfunction  difference  on  the  semiconductor.  This  approach  reduces  the  need  for 
extremely  high  doping  levels  in  the  channel  region  that  significantly  compromise  device 
performance  at  deep  submicron  dimensions.  Figure  3  shows  the  off-state  condition  of  two 
HJMOSFETs  with  different  barrier  heights.  For  the  purposes  of  illustration  in  this  figure,  the 
built-in  band  offset  has  been  raised  by  introducing  a  larger  mole  fraction  of  Ge  into  the 
source/drain  material.  In  fabricated  devices,  when  they  become  available,  it  will  be  necessary  to 
observe  constraints  regarding  the  critical  layer  thickness  of  GeSi  on  Si  due  to  the  lattice  mismatch 
of  the  two  materials.  It  may  be  possible  with  sufficiently  thin  GeSi  layers  that  mole  fractions  on 
the  order  of  0.4  to  0,5  Ge  could  potentially  be  achieved.  If  these  issues  are  not  observed,  the 
benefits  gained  by  the  larger  barrier  height  may  be  bypassed  because  of  the  large  number  of  misfit 
dislocations  that  will  increase  the  leakage  current  through  interface  defects.  However,  the  role  of 
defects  and  material  properties  in  the  transport  of  carriers  across  heterojunctions  is  not  fully 
understood  for  GeSi/Si  systems  at  this  point  and  is  an  area  of  active  research. 

The  use  of  strained  GcxSii.x  material  in  the  source  and  drain  regions  on  a  Si  substrate, 
limits  hole  injection  and  is  only  useftil  for  p-channel  MOSFETs.  For  n-channel  devices,  suitable 
material  systems  with  band  offsets  in  the  conduction  band  are  necessary.  One  potential  candidate 
for  NMOS  devices  is  strained  Si  on  relaxed  GeSi  since  it  exhibits  a  conduction  band  offset.  An 
additional  design  constraint  is  the  requirement  that  the  band  offset  prevent  the  source  carriers  from 
entering  the  channel.  One  such  potential  system  would  be  the  use  of  Si  source  and  drain  regions 


Distance  (nm) 

Fig.  3:  Comparison  of  two  heterojunction  MOSFETs 
with  different  band  offsets.  Off-state  leakage  can  be 
controlled  by  the  size  of  the  band  offset,  thereby 
bypassing  the  need  for  extremely  high  channel  doping 
concentrations. 


Fig.  4:  Illustration  of  an  n-channel  heterojunction 
MOSFET  using  Si  source/drains  on  a  SiC  epi-layer. 
The  appropriate  conduction  band  offset  makes  this  one 
potential  candidate  for  NMOS  devices. 
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on  a  SiC  epi~layer.  Applying  the  Anderson  electron  affinity  rule  suggests  that  the  conduction 
band  offset  (Z^Ec)  is  approximately  0.3-0.5eV.  Because  silicon  has  a  larger  electron  affinity  than 
SiC  (approximately  4.1eV  vs.  3.7eV  for  6H-SiC),  electrons  in  the  source  will  be  prevented  from 
entering  the  SiC  channel  because  of  the  conduction  band  offset.  If  SiC  were  used  in  the 
source/drain  regions,  the  band  offset  would  allow  carriers  to  flow  readily  from  the  source  into  the 
channel.  Figure  4  illustrates  the  barrier  provided  to  electrons  in  this  SiC/Si  device. 


The  heterojunction  MOSFETs  illustrated  above  have  a  heterojunction  at  both  the  drain  and 
the  source  ends  of  the  device.  For  most  practical  purposes,  the  heterojunction  really  only  needs  to 
reside  at  the  source  end  of  the  device  because,  with  most  device  applications,  the  drain  is  usually 
biased  slightly  higher  than  the  source,  even  when  it  is  "off.  For  this  reason,  simulations  were 
performed  to  examine  the  influence  of  the  barrier  to  source  carriers  for  both  cases  when  the  drain 
side  of  the  device  had  a  heterojunction  barrier  and  the  case  where  it  was  simply  an  extension  of  the 
material  used  in  the  channel  with  the  appropriate  doping.  Figure  5  shows  a  double  heterojunction 
MOSFET  (GCxSii.x/Si/GexSii.x)  compared  to  a  GexSii.x/Si  source  HJMOSFET.  From  these 
simulations,  it  appears  that  the  addition  of  the  heterojunction  at  the  drain  does  not  play  a 
significant  role  on  the  shape  and  height  of  the  potential  barrier  at  the  source  end  of  the  device.  In 
addition  to  the  barrier  at  the  source  end,  the  device  with  a  homojunction  at  the  channel/drain 
interface  may  allow  carriers  to  flow  more  easily  in  the  on-state  (i.e.  when  both  the  gate  and  the 
drain  are  biased  appropriately).  As  will  be  shown,  the  presence  of  the  heterojunction  barrier  at  the 
drain  end  may  reduce  the  drain  current  by  hindering  carriers  from  surmounting  the  small  barrier 
near  the  drain  due  in  part  to  the  band  bending  near  the  drain  heterojunction.  For  the  purposes  of 
reducing  the  overall  device  series  resistance,  it  may  be  advantageous  to  eliminate  the 
heterojunction  at  the  drain,  but  this  issue  must  be  resolved  with  further  simulations.  In  addition, 
the  potential  profile  in  the  double  heterojunction  device  is  more  localized  near  the  drain.  This  may 
act  as  a  "ballistic  launching  ramp"  for  carriers  into  the  drain  and  away  from  the  oxide.  It  should 
also  be  noted  that  by  introducing  an  asymmetrical  device,  circuit  design  becomes  more 
complicated.  This  fact  may  make  the  asymmetrical  device  undesirable  for  ULSI  applications. 


In  some  instances,  the  total  barrier  height  to  source  carriers  can  be  comprised  of  a  barrier 
due  to  the  heterojunction  plus  an  additional  barrier  due  to  the  doping  profile  between  the  source 
and  the  channel.  Figure  6  shows  a  device  with  a  larger  channel  doping  level  (uniform  lO^^cm'^) 
to  introduce  an  enhanced  barrier  height  to  source  carriers  near  the  interface.  From  an  off-state 


Fig.  5:  Comparison  of  a  double  heterojunction 
(source  and  drain)  MOSFET  and  a  single 
heterojunction  (source  only)  MOSFET.  The  total 
barrier  height  to  source  carriers  is  not  influenced  by 
the  condition  of  the  barrier  at  the  drain  side  of  the 
device.  Trade-offs  concerning  series  resistance, 
asymmetrical  devices,  and  possible  ballistic  effects 
must  be  further  investigated  in  this  single 
heterojunction  structure. 


Fig.  6;  A  heterojunction  MOSFET  with  a  high 
channel  doping  concentration.  The  total  barrier  height 
to  source  carriers  is  composed  of  the  heterojunction 
plus  a  barrier  due  to  the  doping.  Even  though  the 
total  barrier  is  higher,  the  barrier  due  to  the  doping  is 
susceptible  to  drain-induced  barrier  lowering  and  high 
levels  of  channel  doping  are  not  desirable  in  deep 
submicron  MOSFETs. 
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leakage  point  of  view,  this  additional  barrier  further  decreases  the  amount  of  off-state  leakage 
current  in  these  deep  submicron  MOSFETs.  However,  one  of  the  advantages  of  the  HJMOSFET 
illustrated  in  Figure  2  was  the  higher  immunity  to  drain-induced  barrier  lowering  because  the 
barrier  height  was  constant  at  the  level  of  the  heterojunction  band  offset,  despite  the  applied  drain 
bias.  In  this  device,  with  higher  Ngub,  the  barrier  is  susceptible  to  lowering  by  the  drain  electric 
field.  Even  though  the  total  barrier  height  is  larger  and  leakage  currents  should  be  lower,  the 
ability  of  the  drain  to  shift  the  threshold  voltage  and  increase  device  leakage  current  must  be 
considered  for  each  particular  device  application.  In  addition,  one  reason  for  examining  the 
HJMOSFET  is  its  potential  advantage  in  decreasing  the  total  channel  doping  concentration  that  can 
lead  to  mobility  reduction,  increases  in  Vj  due  to  quantum  confinement  effects,  and  statistical 
fluctuations  due  to  the  number  and  location  of  impurity  atoms.  It  is  advantageous  to  engineer  the 
structure  to  provide  the  turn-off  with  the  heterojunction  barrier. 

3.  Drive  Current  Considerations 


In  addition  to  the  need  for  low  off-state  leakage,  high  drive  currents  are  necessary  for  improving 
circuit  speed  and  fanout  of  devices.  Conventional  MOSFETs  are  based  on  the  principle  that  a 
large  gate  bias  will  lower  the  potential  energy  barrier  such  that  source  carriers  can  be  readily 
injected  into  the  channel  to  form  an  inversion  layer  of  minority  carriers  that  are  then  swept  to  the 
drain  by  the  lateral  electric  field.  In  the  HJMOSFET,  the  existence  of  the  heterojunction  barrier  is 
not  expected  to  limit  the  drive  current  by  thermionic  emission  because  carriers  are  expected  to  be 
able  to  quantum  mechanically  tunnel  through  the  thin  barriers  formed  in  the  valence  or  conduction 
bands  with  the  application  of  large  gate  biases. 


Since  the  off-state  leakage  current  is  controlled  by  the  height  of  the  heterojunction  band 
offset  and  the  drive  current  is  dependent  on  the  barrier  thickness,  which  is  controlled  by  the 
strength  of  the  electric  field  perpendicular  to  the  interface,  it  is  reasonable  to  conclude  that  the 
threshold  voltage  of  the  HJMOSFET  can  be  controlled  by  choosing  a  gate  with  a  suitable 
workfunction.  In  such  a  device,  the  gate  electrode  should  be  chosen  to  bend  the  valence  or 
conduction  bands  sufficiently  in  order  to  permit  significant  tunneling  at  a  specified  gate  voltage. 
Once  carriers  tunnel  through  the  thin  potential  energy  barrier,  they  will  be  swept  to  the  drain  by 


Fig.  7:  Illustration  of  a  heterojunction  MOSFET 
under  large  gate  and  drain  bias.  The  spike  formed  in 
the  valence  band  is  thin  enough  to  allow  quantum 
mechanical  tunneling  of  carriers  from  the  source  to 
the  channel.  Threshold  voltage  of  heterojunction 
MOSFETs  should  be  controlled  by  using  gate 
materials  with  appropriate  workfunctions  to  shift  the 
flatband  voltage  and  allow  the  appropriate  amount  of 
tunneling  to  occur  at  a  specified  gate  voltage.  The 
heterojunction  at  the  drain  end  may  also  alter  the 
carrier  transport. 


Fig.  8:  Closer  view  of  the  valence  band  spike  near 
the  source  in  a  device  with  a  large  gate  and  drain  bias. 
The  higher  workfunction  (wfno)  gate  material  makes 
the  barrier  thinner  for  a  given  gate  voltage.  The 
tunneling  probability  through  such  a  barrier  is 
exponentially  dependent  on  the  barrier  thickness  at  a 
given  kinetic  energy  (E).  Therefore,  the  device  with 
the  larger  workfunction  would  have  a  lower  Vx. 
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the  large  electric  fields.  In  this  way,  the  reliance  on  the  channel  doping  to  control  the  threshold 
voltage  is  no  longer  necessary.  Figure  7  shows  the  valence  band  potential  when  the  drain  and  the 
gate  S-e  both  biased  at  -l.OV  in  the  GeSi/Si  device  and  two  different  gate  materials  are  used,  one 
with  a  workfunction  300mV  larger  than  the  other.  The  band  bending  near  the  drain  of  the  device 
indicates  that,  if  the  double  heterojunction  device  is  used,  a  larger  drain  series  resistance  may  be 
encountered.  More  accurate  simulations  of  carrier  transport  through  this  device  are  required  for 
better  understanding  of  this  feature.  A  close-up  view  of  the  barrier  (Figure  8)  indicates  that  for 
this  particular  simulation,  the  valence  band  spike  is  only  about  2-3nm  thick  at  its  widest  point. 
Using  the  WKB  approximation,  a  carrier  in  the  source  with  kinetic  energy  E  in  the  direction 
perpendicular  to  the  barrier  tunnels  through  a  triangular  potential  with  a  probability  of 

P(E)  =  exp|^-^ ^2m*(AEv  -E)  j  ( 1 ) 

where  E  is  the  kinetic  energy,  AEv  is  the  heterojunction  barrier  height,  and  xq  is  the  effective 
barrier  thickness  for  a  carrier  with  energy  E.  Presently  a  tunneling  current  model  is  being 
implemented  in  a  Beta  version  of  ATLAS/BLAZE  in  order  to  self-consistently  account  for 
tunneling  current  through  the  use  of  physical  models  for  carrier  occupancy,  density  of  states, 
tunneling  probability,  and  carrier  velocity.  Once  this  model  is  fiilly  implemented,  more  rigorous 
investigations  of  the  on-state  of  the  HJMOSFET  can  be  investigated. 

4.  Conclusions 

As  MOSFET  devices  are  scaled,  it  is  important  to  consider  alternative  structures  and  scaling 
concepts  as  the  conventional  scaling  limits  for  MOSFETs  are  approached.  overview  of 
possible  structural  approaches  for  MOSFETs  using  heterojunctions  has  been  introduced  and 
scaling  considerations  have  been  discussed.  Even  though  the  primary  illustration  of  this  concept 
has  been  through  the  use  of  GeSi/Si  heterojunction  system,  other  material  systems  and  Schottky 
barriers,  such  as  WSi2  or  TiSi2  on  Si,  have  potential  applications  in  this  type  of  device  structure. 
Schottky  barrier  devices  may  have  the  additional  advantage  of  reducing  the  interconnect  resistance 
by  bonding  directly  to  the  source  and  drains  of  the  MOSFET.  Once  more  sophisticated  models 
for  the  tunneling  current  and  device  transport  at  deep  submicron  dimensions  become  available, 
refinements  to  the  proposed  structures  can  be  investigated. 
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Full  Scale  Simulation  of  Quantum  Devices  with  Interface  Dis¬ 
order  and  Randomness 

J.P.  Leburton,  D.  Jovanovic^  and  I.  Adesida 
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We  present  a  three  dimensional  self-consistent  numerical  analysis  of  the  transport 
properties  in  quantum  dot  nanostructures.  It  is  shown  that  structural  disorder 
in  the  form  of  interface  and  surface  roughness  gives  rise  to  resonant  features  that 
strongly  resemble  the  experimental  data.  We  thereby  demonstrate  that  disorder 
mechanisms  in  planar  nanostructures  have  a  profound  influence  on  near-threshold 
carrier  transport  to  the  extent  that  they  may  dominate  the  eflfects  of  intentionally 
fabricated  confinement  features. 


1.  Introduction 

Recent  advances  in  semiconductor  fabrication  techniques  have  resulted  in  a  large  variety 
of  new  experimental  devices  exhibiting  quantum  effects  due  to  high  degrees  of  confine¬ 
ment.  These  devices  have  generated  significant  interest  because  they  exhibit  strong 
Coulomb  blockade  effect  [2]  and  show  promise  for  robust  resonant  tunneling  applica¬ 
tions.  Although  analytical  [3,4]  and  numerical  [5]  models  have  successfully  explained 
the  conductance  characteristics  observed  at  cryogenic  temperatures,  several  features  of 
the  experimental  data  have  not  been  analyzed  in  detail  and  their  explanation  to  date  re¬ 
mains  inconclusive  [6,7,8].  Specifically,  fluctuations  in  the  conductance  amplitudes  with 
gate  bias  implies  the  presence  of  some  type  of  disorder  which  influences  the  transport 
properties  of  the  structure. 

In  order  to  provide  a  realistic  model  for  the  physical  analysis  and  design  of  these  struc¬ 
tures,  we  have  developed  a  comprehensive  self-consistent  simulation  tool  that  merges  the 
statistical  and  quantum  mechanical  aspects  of  the  problem.  The  model  takes  into  ac¬ 
count  the  various  regions  of  reduced  dimensionality  throughout  a  particular  structure 
which  can  consist  of  OD,  ID,  2D  electron  gases  or  bulk.  High  order  effects  such  as 
exchange/correlation  and  interface  disorder  are  also  included  in  the  model. 

The  purpose  of  the  present  paper  is  to  analyze  the  transport  characteristics  of  lateral 
quantum  dot  devices  and  assess  the  influence  of  structural  disorder  on  their  transport 
properties.  Although,  the  theoretical  investigation  of  ionized  dopant  randomness  by 
Davies  and  Nixon  [9]  leaves  no  doubt  of  its  importance  on  the  electronic  properties  of 
quantum  devices,  we  omit  this  disorder  mechanism  due  to  difficulties  in  capturing  its 
essential  features  with  a  coarse  computational  mesh.  Instead,  we  show  that  interface  and 
surface  roughness  are  sufficient  to  account  for  the  particular  resonant  transport  features 
observed  in  experimental  devices.  Our  results  can  be  generalized  to  other  disorder 
mechanisms  (i.e.,  ionized  dopant  randomization)  which  are  not  directly  included  in  our 
model  but  which  undoubtedly  contribute  to  quantum  transport  in  an  analogous  fashion. 
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2.  Theoretical  Background 

We  obtain  the  electronic  properties  of  the  system  by  solving  Schrodinger  equation  with 
the  iterative  extraction  orthogonalization  method  (lEOM)  that  propagates  a  set  of  eigen¬ 
states  according  to  [5,10] 

Wn)  =  iteration  (1) 

where  H  is  the  Hamiltonian  and  n  indicates  a  particular  eigenstate.  The  parameter  a  is 
selected  so  as  to  minimize  the  error  in  the  Taylor  expansion  of  the  exponential  operator 
exp{—aH).  In  general  many  iterations  are  required  to  maintain  the  accuracy  of  the 
Taylor  expansion  and  eliminate  all  the  error  projections  of  the  basis  states  \m)  of  H 
onto  the  initial  guess  state  \(j)^).  Gram-Schmidt  orthonormalization  is  performed  over 
the  entire  set  of  states  after  each  iteration  to  prevent  any  excited  states  from  collapsing 
to  the  ground  state.  This  procedure  also  eliminates  all  projections  of  states  with  m  <  n 
such  that  after  Ni  iterations, 

-  In)  +  ^  (2) 

The  repeated  exponential  scaling  of  the  error  projections  and  Gram-Schmidt  orthonor¬ 
malizations  therefore  eventually  convert  \(j>^)  into  a  pure  basis  state  |n) 

In  general,  each  application  of  the  propagator  scales  with  Nc  and  the  Gram-Schmidt 
algorithm  scales  with  NgN^  where  Ne  is  the  number  of  eigenenergies  required  in  a 
particular  simulation.  If  Ne  is  relatively  small,  as  is  often  the  case  in  nanostructures, 
NgN^  <  Nq  and  the  lEOM  shows  a  significant  improvement  over  conventional  eigen¬ 
value  solvers.  The  chief  advantage  offered  by  the  rapid  convergence  of  this  method  is 
the  ability  to  accurately  treat  the  dimensionality  of  each  region  in  a  quantum  device 
out  to  an  appropriate  set  of  boundaries.  By  using  a  self-consistent  scheme  for  the  elec¬ 
trostatic  Hartree  potentials,  we  solve  the  3D  Schrodinger  equation  in  the  quantum  dot 
(OD)  regions,  the  2D  Schrodinger  equation  in  the  lead  (ID)  regions,  and  ID  solutions 
are  obtained  in  the  reservoir  (2D)  regions.  Semiclassical  solutions  are  used  for  carriers 
that  do  not  exhibit  confinement  (holes)  and  regions  that  are  not  governed  by  quantum 
mechanics  with  the  charge  densities.  In  addition,  exchange  and  correlation  effects  are 
self-consistently  treated  with  the  Kohn-Sham  approach  using  Perdew-Zunger  param¬ 
eterization  for  the  correlation  potential  [11].  Presently,  the  simulation  is  carried  out 
in  equilibrium  although  in  principle,  nonequilibrium  solutions  are  possible  for  accurate 
evaluations  of  the  quantum-mechancical  current. 

The  computational  mesh  and  boundary  conditions  are  cast  to  accurately  model  the 
various  material  properties  and  overall  3D  device  geometry.  A  nonuniform  mesh  is  used 
in  the  vertical  direction  (hetero junction)  to  allow  refinement  of  the  mesh  width  down  to 
5  A  to  accurately  model  the  disorder  at  the  GaAs-Alo.3Gao.7As  interface.  The  disorder  is 
created  by  allowing  interpenetration  of  GaAs  mesh  "tiles”  into  the  Alo,3Gao.7As  and  vice 
versa.  Mesh  tiles  of  various  lateral  dimensions  (200  Ax  200  A,  800  Ax  800  A,  and  1600 
Ax  1600  A)  are  randomly  assembled  along  the  interface  to  create  disordered  interface 
clusters.  Similarly,  surface  roughness  is  modeled  by  spatially  varying  the  thickness  of 
the  surface  boundary  tiles  over  ~  lOOnm.  This  approach  results  in  a  spatial  variation 
of  the  Fermi  level  pinning  boundary  condition  which  subsequently  generates  long-range 


i 


815 


0.0  i'  l  111  ■-»  <-|  I  ■  t  I 

0.0  0.315  0.63  0.945  1.26 

Distance 


Figure  1:  (a)  Schematic  configuration  for  the  experimental  planar  thin-gated  quantum  dot 
device,  (b)  Potential  contours  calculated  in  a  plane  just  below  the  GaAs  -  AIo.3Gao.7As  in¬ 
terface.  The  arrows  indicate  the  direction  of  current  flow. 

randomization  of  the  confining  potential.  We  note  that  both  the  disorder  mechanisms 
in  our  model  experience  screening  since  they  are  treated  self- consistently  within  our 
formalism. 

A  transfer  matrix  calculation  is  used  to  generate  the  transmission  probability  |T(e)|^ 
over  the  relevant  energy  range.  The  finite  temperature  current,  /,  is  finally  obtained  by 
inserting  |T(e)p  into  the  standard  tunneling  current  formula:  [12] 

/  =  ^  /  *  lr(e)|^  [/(£)  -  f(e  +  Vos)].  (3) 

where  e  is  the  electron  charge,  h  is  Planck’s  constant,  and  /(e)  is  the  Fermi-Dirac 
distribution,  and  Vds  is  the  drain  source  voltage. 

3.  Experimental  Device 

The  experimental  device  examined  here  is  a  thin-gated  mesa-etched  quantum-dot  nanos¬ 
tructure.  A  cross-section  of  the  device  and  a  set  of  theoretical  potential  energy  contours 
are  shown  in  Fig.  1.  Briefly,  the  heterostructure  was  grown  by  molecular  beam  epi¬ 
taxy  (MBE)  on  an  undoped  GaAs  substrate.  A  1  fj,m  thick  GaAs  buffer  layer  was 
grown  on  the  substrate  followed  by  a  17.5  nm  undoped  Alo.3Gao.7As  spacer,  a  Si  ^- 
doping  of  5  X  10^^  cm"^,  a  20  nm  layer  of  Alo.3Gao.7As,  and  a  20  nm  n+-GaAs  cap 
layer.  Hall  measurements  on  the  sample  etching  indicated  a  sheet  carrier  density  of 
Ns  =  4.7  X  10^^  cm“^  and  a  mobility  of  /Zg  =  5.0  x  10^  cm^/Vs  at  T=4.2  K,  A  set  of  I-V 
characteristics  of  this  device  is  shown  in  Fig.  2  for  various  drain-source  biases,  Vos-  The 
predominant  features  in  the  conductance  are  the  independence  of  the  threshold  voltage 
from  Vds  and  the  conductance  peaks  that  persist  beyond  Vds  =  ItuV.  Both  of  these 
features  point  to  resonant  tunneling  as  the  predominant  mechanism  for  controlling  the 
near  turn-on  I-V  characteristics.  However,  the  presence  of  resonant  features  is  rare  in 
the  device  population  and,  when  present,  exhibits  a  strong  lack  of  uniformity  in  peak 
amplitude  and  periodicity  from  sample  to  sample. 
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4.  Results  and  Discussion 

Initially,  we  simulate  the  device  in  the  absence  of  disorder  to  determine  whether  the 
perfect  device  potential  alone  is  sufficient  to  account  for  the  resonant  tunneling  fea¬ 
tures  found  in  the  experimental  device  characteristics.  The  adiabatic  quasi-lD  ground 
state  eigenenergy  and  I-V  characteristics  of  the  perfect  device  are  shown  in  Fig.  3. 
The  adiabatic  quasi-lD  eigenenergy  (Fig.  3(a))  clearly  exhibits  the  presence  of  a  quan¬ 
tum  dot  in  the  vicinity  of  the  thin-gate  and  the  formation  of  barriers  in  the  quasi- ID 
channel  which  separate  the  quantum  dot  from  the  2D  contact  regions.  Examination 
of  Fig.  3(a)  reveals  that  the  quasi-lD  barriers  are  relatively  flat  and  thick  (c^500  nm). 
Although  some  degree  of  resonant  tunneling  should  exist  in  the  perfect  device,  the 
transport  characteristics  (Fig.  3(b))  show  a  complete  lack  of  detectable  structure  in 
the  device  current.  The  explanation  for  the  structure-free  I-V  characteristics  therefore 
follows  by  comparing  the  relative  magnitudes  of  the  tunneling  component  of  the  cur¬ 
rent  to  the  thermionic  emission  compo¬ 
nent.  As  Vg  is  increased,  the  long  range 
influence  of  the  gate  lowers  the  quasi- 
ID  barriers  and  therefore  monotonically 
enhances  the  thermionic  emission  cur¬ 
rent  at  T=4.2  K.  On  the  other  hand, 
the  tunneling  current,  which  is  superim¬ 
posed  on  the  thermionic  emission  cur¬ 
rent,  has  a  magnitude  proportional  to 
the  resonant  linewidth  F  when  kT  >>  F. 
Since  the  broad  barriers  in  the  perfect 
device  lead  to  a  set  of  F  which  satisfy 
this  condition,  resonant  tunneling  con¬ 
tributes  indistinguishably  to  the  overall 
current  and  the  transport  characteristics 
in  the  VGA  axe  completely  dominated  by 
thermionic  emission.  In  the  presence  of 
disorder,  weak  localization  in  the  barrier 
regions  should  significantly  increase  F  for 
each  resonance  and  thereby  provide  a  dis¬ 
cernible  resonant  tunneling  contribution 
to  the  overall  current.  To  quantitatively 
assess  the  influence  of  realistic  interface 
and  surface  roughness,  we  have  introduced  these  disorder  mechanisms  into  the  3D  device 
geometry  as  described  in  previous  sections.  Figure  4(a)  shows  the  adiabatic  eigenenergy 
corresponding  to  disordered  structures.  The  disorder  was  produced  by  randomly  assign¬ 
ing  800A  X  800A  X  5A  tiles  at  the  heterointerface  to  either  GaAs  or  Alo.3Gao.7As  and 
randomly  varying  the  position  of  the  etched  surface  using  200A  x  200A  x  200A  bound¬ 
ary  tiles.  The  influence  of  the  disorder  on  the  adiabatic  eigenenergy  is  twofold.  First, 
there  is  the  vertical  modulation  of  the  potential  which  provides  an  adiabatic  shift  of 
the  local  eigenenergy.  In  addition,  the  transverse  modulation,  largely  due  to  surface 
roughness,  causes  local  fluctuations  in  the  confinement  strength  which  are  manifest  as 
peaks  and  valleys  in  the  adiabatic  quasi-lD  eigenenergy.  The  impact  of  the  disorder 
is  immediately  apparent  on  the  theoretical  I-V  characteristic  shown  in  Fig.  4(b)  which 


Figure  2:  Experimental  conductance  charac¬ 
teristics  at  T  =  4.2  K.  The  various  curves  are 
offset  for  clarity.  (After  Ref.  7) 
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Figure  3:  (a)  Adiabatic  quasi-lD  eigenenergy  calculated  for  the  device  geometry  in  the  absence 
of  disorder-  (b)  Transport  characteristics  at  T  =  4.2K. 


Figure  4:  (a)  Adiabatic  quasi- ID  eigenenergy  arising  from  structural  disorder  randomly  built 
from  800A  X  800A  X  bA  tiles  at  the  GaAs  -  Alo,3Gao.7As  interface.  Surface  disorder  occurs 
over  200A  X  200A  X  200A  boundary  tiles,  (b)  I-V  characteristics. 

exhibit  strong  resonant  tunneling  features  near  threshold.  As  Vq  is  swept  to  higher 
values  and  the  quasi- ID  barriers  are  lowered,  the  thermionic  emission  component  of  the 
current  begins  to  dominate  and  the  resonant  features  are  gradually  diminished.  The 
effect  of  varying  the  size  of  the  interface  clusters  is  shown  in  Fig.  5.  We  have  also 
simulated  coarser  interface  disorder  which  showed  the  least  structure  in  the  adiabatic 
quasi- ID  eigenenergy.  The  primary  disorder  mechanism  for  this  case  was  surface  rough¬ 
ness  which,  owing  to  long-range  screening,  results  in  a  more  gradual  variation  of  the 
adiabatic  eigenenergy,  and  was  apparent  in  very  subtle  resonant  features  in  the  con¬ 
ductance  characteristic.  These  data  suggest  that  interface  irregularities  on  the  order  of 
500 A  -  1500 A  are  the  most  likely  explanation  for  the  resonant  tunneling  features  found 
in  the  experimental  device.  Fig.  5  shows  the  influence  of  temperature  on  the  conduc¬ 
tance  The  curve  at  T=0.5  K  shows  the  strongest  structure  in  the  conductance  and  most 
closely  resembles  the  bare  transmission  coefficient  through  the  device.  As  the  temper¬ 
ature  is  increased,  the  thermal  broadening  softens  the  resonant  behavior  and  modifies 
the  threshold  voltage  due  to  the  onset  of  thermionic  emission.  Some  resonant  features 
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remain  up  to  T=10  K  indicating  the  rel¬ 
ative  robustness  of  the  disorder-induced 
resonant  tunneling.  We  should  emphasize 
the  disorder-induced  near-threshold  reso¬ 
nant  behavior  we  have  investigated  has 
been  repeatedly  observed  in  planar  mod¬ 
ulation  doped  nanostructures. 


5.  Conclusions 


In  this  investigation,  we  have  demon¬ 
strated  that  disorder  mechanisms  play 
a  prominent  role  in  determining  near¬ 
threshold  conductance  characteristics  in 
quantum  dot  nanostructures  for  T  < 

\{)K.  While  our  simulations  indicate  that 
interface  and  surface  roughness  alone  can 
explain  anomalous  resonant  tunneling  fea¬ 
tures,  other  disorder  mechanisms  (i.e,,  dis¬ 
order  in  the  impurity  layer)  are  undoubtedly  present  in  fabricated  devices  and  contribute 
to  the  general  trends  we  have  observed.  As  fabrication  techniques  improve  and  lead  to 
higher  temperature  operation,  disorder-induced  potential  fluctuations  will  become  in¬ 
significant  thereby  enabling  a  practical  resonant  tunneling  device  technology. 
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The  growth  of  self-assembling  InAs  quantum  dots,  as  formed  during 
deposition  on  (lOO)GaAs  until  the  onset  of  the  Stranski-Krastanow  growth 
mode  transition,  is  examined  in  detail.  Atomic  force  microscopy  has  revealed 
a  tendency  toward  uniformity  only  at  the  initial  stages  of  the  nucleation  of  the 
InAs  islands.  Coulomb  energies  are  observed  to  be  smaller  than  quantum 
confinement  energies,  allowing  density  of  states  spectroscopy  of  distinct  s- 
like  and  p-like  energy  levels.  Two  fold  orbital  degeneracy  is  lifted  in  p-like 
levels  in  the  presence  of  a  large  perpendicular  magnetic  field.  Structural, 
optical  and  electronic  measurements  corroborated  atomic-like  behavior  of 
these  quantum  dots.  Although  fundamental  studies  of  quantum  dots  formed 
with  this  method  continue,  we  discuss  the  ultimate  uniformity  with  respect  to 
the  requirements  for  common  applications. 


1.  INTRODUCTION 

Epitaxial  islands  which  form  as  a  result  of  lattice  mismatch  strain  have  recently  obtained  the  focus  of 
many  of  those  interested  in  fabricating  quantum  structures^.  Without  any  pre-growth  or  post-growth 
processing  steps,  quantum  dots  with  high  optical^  and  electricaP  activity  have  been  created  by 
embedding  these  islands  in  a  suitable  cladding  material.  Molecular  beam  epitaxyi  and  metal  organic 
vapor  phase  epitaxy"^  have  been  employed  in  this  fashion  to  produce  arrays  of  strained  quantum  dots. 
The  idea  of  using  three  dimensional  growth  to  fabricate  quantum  structures  had  already  received  some 
attention^.  Upon  the  discovery  of  very  uniformly  sized  quantum  dots^  with  high  photoluminescence 
efficiency"^,  current  scientific  interest  has  increased. 

Mainly  two  experimental  methods  of  aeating  confinement  in  the  self-assembled  dots  (SAD)  have 
emerged.  Notzel  et  al  used  a  remarkable  post  deposition  annealing  to  produce  surprisingly  regular 
features  of  70  to  210  nm.®  We  previously  used  direct  cladding  of  naturally  formed  strain-coherent 
islands  to  create  random  arrays  of  uniform  20  nm  InAs  quantum  dots.  Although  laterally  disorganized  at 
present,  it  is  unclear  for  which  direct  applications  of  quantum  dots  this  arrangement  is  a  requirement. 
Using  the  latter  technique,  the  quantum  dots  which  are  formed  fulfill  the  size  requirement  for  observation 
of  quantum  confinement  effects  for  both  electrons  and  holes. 

Before  the  advent  of  this  approach,  quantum  dots  were  by  and  large  created  by  electrostatic 
confinement  in  GaAs  using  a  suitably  patterned  surface  topology  and  gate  electrodes.^  In  these  devices, 
typical  lateral  confinement  lengths  are  100  nm  and  larger  and  thus  Coulomb  charging  energies  often 
dominate  quantization  energies  when  individual  electrons  are  added  to  the  structure,  Other  schemes 
which  attempt  to  confine  electrons  and  holes  in  all  three  spatial  dimensions  by  suitable  growth  and 
pattering  techniques  have  been  able  to  produce  complex  and  intriguing  luminescence  spectra  but  so  far 
have  not  yet  resulted  in  objects  which  allow  controlled  occupation  of  atomic-like  levels. 
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Using  layers  of  SAD  in  an  appropriately  designed  GaAs/AlAs  metal-insulator-semiconductor- 
field-effect-transistor  (MISFET),  such  quantum  dots  have  been  realized^^.  Evidence  of  discrete  density- 
of-states  (DOS)  of  the  quantum  levels  was  observed  in  capacitance-voltage  traces,  and  quantum 
confinement  energies  larger  than  the  expected  Coulomb  charging  energies  were  extracted.  Elsewhere 
photoluminescence  excitation  experiments  further  suggested  a  peaked  DOS  in  these  quantum  dots^^  and 
similar  energy  level  spacings  of  the  SAD  were  measured.  In  both  techniques  ver}'  large  numbers  of  dots 
were  probed  (>106).  Energy  level  positions  of  SAD  are  expected  to  vary  greatly  with  respect  to  changes 
in  size,  composition  or  strain  of  SAD.  Consequently  broadened  spectral  features  have  been  obtained 
with  both  of  these  techniques,  thought  to  arise  mostly  from  SAD  height  variations  since  this  is  the 
direction  of  strongest  confinement.  Recently  however  photoluminescence  from  well  defined  numbers  of 
quantum  dots  demonstrated  that  the  observed  broad  spectra  are  in  fact  made  up  of  individual  peaks  with 
discrete  and  very  narrow  line  widths.  Higher  spectral  resolution  revealed  photoluminescence  from  a 
single  SAD.15 

In  these  proceedings  we  review  the  current  state  of  understanding  of  the  structural  properties  of 
SAD,  and  demonstrate  further  DOS  spectroscopy  in  InAs  SAD  embedded  in  GaAs.  Atom-like  behavior 
of  these  high  quality  arrays  of  quantum  dots  is  demonstrated.  From  recent  research  in  this  area  arise 
fundamental  questions  regarding  the  implementation  of  quantum  dots  into  useful  devices. 


2.  EXPERIMENTAL  DETAILS 

SAD  layers  studied  here  were  grown  by  molecular  beam  epitaxy  (MBE)  with  the  deposition  of  InAs 
directly  on  a  0.5  |xm  (100)  GaAs  buffer  layer  including  a  GaAs/AlAs  (2nm  /  2nm)  short  period 
superlattice.  The  substrate  pyrometer  reading  during  InAs  deposition  was  530  °C,  the  temperature  at 
which  the  c(4x4)  GaAs  reconstruction  begins  to  give  way  to  the  (2x4)  reconstruction.  The  As  rich 
reconstruction  was  verified  by  reflection  high  energy  electron  diffraction  (RHEED).  A  variation  in  the 
deposited  In  coverage  was  implemented  in  the  sample  A  by  continuously  sweeping  a  Ta  shadow  mask 
across  the  wafer  during  InAs  deposition.  Variation  in  InAs  coverage  of  sample  B  were  obtained  from 
nonuniformities  of  the  In  flux  due  to  the  source  geometry  in  the  Varian  Gen  II  MBE  machine  used. 
Substrate  rotation  was  not  used  only  during  InAs  deposition.  Under  a  constant  As4  beam  equivalent 
pressure  of  7  x  10"^  Torr,  cycles  of  In  were  deposited  corresponding  to  an  average  growth  rate  of  0.01 
ML  per  second.  In  this  way  we  emulate  equilibrium  surface  conditions  as  closely  as  possible. 

The  In  flux  was  calibrated  with  RHEED  oscillations  at  530  C  by  subtracting  the  Ga  flux  from 
the  In  +  Ga  flux.  After  formation  of  SAD,  samples  were  rapidly  cooled  to  350®  C  and  removed  from  the 
growth  chamber  for  AFM  measurement.  Samples  were  stored  in  a  vacuum  desiccator  less  than  one  day 
before  AFM  measurements  were  completed  in  ambient  conditions.  This  produces  a  thin  oxide  layer 
which  does  not  significantly  effect  AFM  measurement  in  the  range  of  interest.  A  SiN  tip  from  a 
Nanoscope  III  AFM  with  a  200  fxm  cantilever  was  kept  in  direct  contact  with  the  sample  surface  for 
measurement.  AFM  images  shown  here  were  flattened  and  planefit  with  the  Nanoscope  III  software. 

For  capacitance  measurements,  the  structure  included  a  highly  doped  back  contact  layer  30  nm 
below  the  SAD  layer.  The  SAD  layers  for  these  measurements  were  immediately  covered  with  a  thin 
GaAs  spacer  layer,  a  GaAs/AlAs  (2nm  /  2nm  x  7  periods)  short  period  superlattice  (SPS),  and  a  GaAs 
cap  layer.  The  devices  are  completed  by  alloying  In  contacts  to  the  back  contact  layer  and  evaporating  a 
Ni/Cr  gate  electrode. 


3.  STRUCTURAL  PROPERTIES 

Underlying  an  understanding  of  the  potential  confinement  in  a  SAD  is  a  better  understanding  of  the 
geometry  of  the  InAs,  as  formed  at  the  Stranski-Krastanow  growth  mode  transition.  The  shape  of  a  SAD 
effects  not  only  the  geometry  of  the  potential  confinement,  but  of  the  strain  in  and  around  the  SAD.  This 
has  the  effect  of  raising  or  lowering  the  bandgap  respectively.  To  this  end  several  techniques  have  been 
utilized  including  AFM^^  and  TEM  in  cross-section  and  plan  view^^.  TEM  showed  a  radial  symmetric 
strain  field  which  extends  30  to  50  nm  into  the  surrounding  lattice.  Radial  changes  in  the  strain  are  still 
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not  well  understood.  This  strain  was  also  observed  in  cross-sectional  TEM  micrographs,  preventing  the 
acquisition  of  accurate  chemical  composition  and  size  information. 

The  dependence  of  InAs  SAD  density  and  diameter  on  growth  parameters  such  as  substrate 
temperature  and  As  flux  have  been  documented. ^  However,  the  most  significant  changes  in  SAD  are 
associated  with  the  total  InAs  coverage.  In  particular  for  sample  A  shown  in  figure  1,  density  of  the 
SAD  abruptly  increases  from  zero  to  a  value  of  1  x  lO^^  cm'2  between  regions  separated  by  only  1  mm 
on  the 


Figure  1:  l|um  x  Ipm  atomic  force  microscopy  images  of  various  coverage  of  InAs  on  GaAs.  Self- 
assembled  quantum  dots  in  fb)  are  more  uniform  than  with  higher  InAs  coverage  in  (c). 


wafer.  We  therefore  deduce  that  the  strain,  induced  by  increasing  the  total  amount  of  deposited  InAs,  is 
a  more  critical  growth  parameter  for  the  tuning  of  SAD  size  and  density.  To  ascertain  the  exact  cover¬ 
age  dependence  of  SAD  density,  as  well  as  other  structural  variations,  an  additional  type  of  sample  was 
grown.  On  sample  B  changes  in  SAD  were  produced  across  a  two  inch  wafer  by  the  InAs  flux  varia¬ 
tions  from  the  In  effusion  cell.  5  jim^  measured  areas  were  spaced  by  0.7  mm  on  the  two  inch  wafer, 
with  samples  of  higher  density  coming  from  areas  in  closest  proximity  to  the  In  effusion  cell.  Using 
well  known  predictions  of  the  flux  variations^  for  our  source-sample  geometry  we  estimate  that  0.7 
mm  represents  only  a  0.01  ML  change  in  the  amount  of  deposited  InAs.  SAD  density  increases  mono- 
tonically  from  8  x  10^  cm‘2  to  2.5  x  10^  cm'^  with  increased  coverage  of  only  0.021  ML.  The  increas¬ 
ing  numbers  of  SAD  allow  greater  relief  of  the  strain  which  increases  with  further  InAs  coverage.  In 
figure  2  we  plot  the  SAD  density  versus  the  estimated  total  InAs  coverage  on  sample  B. 


Figure  2:  Self-assembled  dot  density  versus  estimated  InAs  coverage. 
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The  SAD  density  is  essentially  zero  until  a  certain  critical  coverage  at  which  the  value  increases  sharply. 

The  data  are  fit  with  a  function  of  the  form  Pg^D  “  PQ  PSAD 

density  and  0  is  the  estimated  InAs  coverage.  This  functional  behavior  is  that  of  a  phase  transition,  with 
SAD  density  representing  an  order  parameter.  The  critical  coverage  ©c,  the  exponent  a,  and  the 
normalization  density  pQ  were  obtained  from  a  least  squares  fit  shown  by  the  solid  line.  From  the  best  fit 

to  the  data,  we  extract  a  Pq  of  2  x  lOH  cm'^,  an  exponent  of  a  =  1.76,  and  a  critical  InAs  coverage  of 
1.50  ML.  With  the  AFM,  we  are  able  to  observe  the  initial  response  of  the  surface  to  incmasing 
mismatch  strain  in  the  InAs  epitaxial  layer.  Consequently,  we  report  a  value  of  the  critical  thickness 

lower  than  expected.  ^  r  _ _ 

A  statistical  analysis  of  many  such  images  has  been  performed  with  the  use  of  a  computer 
program  which  records  diameter  and  height  of  SAD  from  AFM  images.  Histograms  of  the  SAD  height 
and  diameter  are  created  from  several  nearby  1  jxm  x  1  |xm  AFM  images  corresponding  to  the  estimated 
coverage  of  1.6, 1.65, 1.75  and  1.9  ML.  SAD  size  uniformity,  reported  as  standard  deviation  in  AFM 
data  of  ±10%  in  height  and  ±7%  in  diameter  was  observed  at  the  initial  stages  of  formation  (iig^ure  lb), 
after  which  the  uniformity  degraded.  The  mean  diameter  decreased  from  nearly  30  nm  to  below  20  nm  at 
higher  InAs  coverage.  The  additional  strain  induced  by  further  coverage  with  InAs  evidently  causes  no 
further  increase  in  the  diameter  or  height  of  SAD.  Instead,  the  SAD  form  at  a  certain  size  (  «  30  nm 
diameter)  after  which  only  an  increase  in  the  nucleated  density  of  SAD  takes  place.  It  is  likely  that  the 
greater  amount  of  nucleation  leads  to  the  SAD  size  reduction  through  In  surface  diffusion  away  from 
already  formed  SAD.  At  a  density  of  approximately  4  x  lO^O  cm-^,  large  relaxed  InAs  islands  form,  and 
the  SAD  density  does  not  increase  further. 

It  is  rather  unexpected  that  after  the  initial  nucleation,  further  InAs  coverage  does  not  produce 
larger  SAD,  but  leads  to  increasing  numbers  of  SAD.  This  suggests  an  energy  barrier  to  SAD  growth. 
This  energy  barrier  to  continued  SAD  growth  may  simply  be  the  energy  barrier  to  the  forniation  ot  a 
misfit  dislocation.  This  could  explain  the  tendency  toward  size  uniformization  of  the  SAD.  Additionally 
a  strong  correlation  must  exist  between  SAD  formation  and  the  nature  of  nucleation  on  the  starting 
surface.  The  selection  of  nucleation  sites  by  SAD  can  be  observed  directly  by  AFM.  In  figure  1  (a)-(c), 
monolayer  steps  were  observed  that  indicated  preferential  SAD  nucleation  at  step  edges.  It  is  unknown  ii 
the  initial  nucleation  (figure  1  (b))  occurs  at  kinks  into  the  step  edge  or  if  the  initial  nucleation  process 
causes  depletion  of  the  nearby  terrace.  In  any  case  these  imagp  indicate  that  surface  steps  play  a  large 
role  in  determining  SAD  nucleation,  and  therefore  a  large  role  in  determining  SAD  structural  properties. 
A  more  detailed  study  of  the  growth  mechanisms  of  InAs  SAD  can  be  found  in  reference^  . 


4.  CAPACITANCE  SPECTROSCOPY 

Observations  of  SAD  with  quantum-sizes  and  good  size  uniformity  must  be  accompanied  with 
measurement  of  their  electronic  and  optical  properties  for  this  is  the  true  test  of  quantum  dot  like 
behavior.  Complex  and  interesting  photoluminescence  and  cathodoluminescence  spectra  were 
presented  elsewhere^!.  Here  we  use  a  MISFET  structure  described  earlier  to  directly  sweep  the  Fermi 
level  across  the  DOS  in  SAD.  At  certain  forward  gate  biases  electrons  can  be  injected  into  the  quantum 
dots  by  tunneling  through  the  30nm  of  undoped  GaAs  between  the  back  contact  layer  and  th^e 
layer.  Typical  capacitance  traces  measured  at  4,2  K  are  shown  in  figure  3,  illustrating  the  charging 

characteristics  of  SAD  in  a  surface  normal  magnetic  field  B. 

At  small  forward  gate  bias  we  measure  the  capacitance  between  the  back  contact  layer  and  the 
gate  At  much  larger  bias  (>0.6  V),  electrons  are  transferred  directly  into  a  2  dimensional  electron  gas 
formed  near  the  cfaAs  interface  with  the  GaAs/AlAs  SPS.  The  two  maxima  in  the  magnetocapacitance 
trace  at  intermediate  gate  voltages  are  due  to  charging  the  lowest  quantum  states  of  the  S^  with 
electrons.  The  gate  voltage  can  be  converted  into  an  energy  scale  by  a  simple  relation  Vg-Vtz  -  (N- 
l/2)e/C  +  2En/e.  Vtz  denotes  the  voltage  at  which  the  Fermi  level  in  the  InGaAs  dots  is  equal  to  the 
quantization  energy  in  the  growth  direction  Ez.  The  first  term  on  the  r.h.s.  of  the  equation  is  the 
Coulomb  charging  energy  required  to  charge  N  electrons  into  the  dot  capacitance  C  and  the  second  term 
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reflects  the  lateral  quantization  energy  En  in  the  quantum  dot  with  the  factor  of  2  reflecting  that  the  gate 
potential  difference  is  reduced  by  about  a  factor  of  2  at  the  SAD  plane.  Calculations  of  the  charging 

energy  &^I2C  using  the  self  capacitance  C  =  4eeod  of  a  20nm  disk  in  GaAs  yield  a  value  of  about  17.5 
meV.  This  Coulomb  energy  is  difficult  to  observe  in  the  figure  because  of  broadening  of  the  overall 
measurement  due  to  variations  in  the  ground  state  energies  of  different  dots,  estimated  to  be  25  mV.  For 
other  MISFET  geometries,  a  clear  Coulomb  splitting  of  the  capacitance  of  the  ground  state  peak  is 

observed. 22 

Assuming  spin  degeneracy,  2EJt  +  3e/2C  is  thus  needed  to  fully  charge  the  ground  state  of  the 
SAD.  Interpreting  the  next  maximum  of  the  capacitance  as  reflecting  the  charging  of  the  four-fold 
degenerate  p-like  state  of  the  SAD  we  expect  a  gate  voltage  difference  of  AVg  =  3T7.5  mV  + 
2(£i  -  £(,)/e  between  the  two  peaks  at  B  =  0.  The  value  AVg  =  145  mV  measured  from  capacitance 
gives  E^-Eq  =  46  meV,  a  value  consistent  with  far  infrared  absorption  data  reported  elsewhere23  from 
which  is  extracted  E^-  Eq~  41  meV. 
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Figure  3:  Capacitance-voltage  traces  in  perpendicular  0,3, 6, 9,  and  12  T  magnetic  fields. 
This  density  of  states  spectroscopy  shows  charging  in  the  quantum  states  of  the  self- 
assembled  quantum  dots. 


The  magnetic  field  dependence  reflects  the  atom-like  behavior  of  SAD.  The  lowest  capacitance 
maximum  shifts  only  slightly  for  B  fields  used.  However  the  upper  maximum  splits  into  two  distinct 
peaks  one  decreasing  and  one  increasing  in  gate  voltage  with  increasing  B  field.  We  model  the  lowest 
quantum  states  to  arise  from  lateral  quantization  only,  since  the  confinement  is  much  stronger  in  the 
growth  direction.  We  assume  a  parabolic  lateral  confinement  potential  which  yields  an  energy  level 
structure  in  which  the  s-like  E^  level  has  two  fold  spin  degeneracy  and  in  which  the  p-like  E^  level  has  a 
two  fold  orbital  and  a  two  fold  spin  degeneracy24.  With  the  magnitudes  of  the  B  field  used  spin  splitting 
is  not  observed,  whereas  the  orbital  degeneracy  will  be  lifted  and  the  expected  energy  difference  is 

{E^-  Eq)I  ft  =  (o±  =  ■\jha)Q^  +((o^  /2y  ±(oJ2  where  -  eB/m*  is  the  cyclotron  frequency  and 
HcOq-  E^-Eq  at  B  =  0  T.  This  behavior  is  observed  in  the  experiment.  The  magnetic  field  dependence 
of  the  measured  splitting  is  well  described  by  m*  =  0.07m0.  This  is  close  to  the  conduction  electron 
mass  of  GaAs,  possibly  due  to  the  extention  of  the  SAD  electronic  wave  function  into  the  surrounding 
GaAs.  Nevertheless,  this  value  correlates  well  with  m*  measured  with  far  infrared  absorption. 
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5.  DISCUSSION  AND  CONCLUSIONS 

These  simple  experiments  with  SAD  reveal  atom-like  behavior,  and  provide  a  new  method  of  exploring  a 
vast  body  of  quantum  dot  theory.  Unlike  previous  attempts  to  create  artificial  atoms[ashoori],  Coulomb 
blockade  energies  here  are  smaller  than  quantum  confinement  energies,  presenting  SAD  as  a  unique  tool 
for  understanding  the  behavior  of  true  quantum  dots.  We  have  integrated  layers  of  S^^  into  common 
device  structures,  showing  them  to  be  ready  for  practical  implementation.  For  practical  applications, 
however,  this  technological  capability  now  requires  attention  to  a  fundamental  problem  in  quantum  dot 
fabrication,  that  of  creating  quantum  dots  with  extreme  uniformity.  Energy  level  positions  in  quantum 
dots  varies  quadratically  with  its  dimensions.  Therefore  stochastic  variations  of  just  a  few  atoms  could 
significantly  broaden  spectral  features  of  an  ensemble  of  various  SAD.  Although  uniform  beyond 
previous  expectations,  clearly  the  SAD  size  variations  observed  here  exceed  this  necessary  uniformity. 
Current  work  is  being  directed  at  devices  which  supercede  this  uniformity  restriction.  We  ernphasize  that 
although  SAD  dimensions  are  such  that  size  fluctuations  blur  the  effects  of  quantum  confinement,  the 
achieved  uniformity  remains  sufficient  to  observe  and  differentiate  quantum  and  Coulombic  effects. 
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Controlled  Nucleation  of  InAs  Clusters  on  (100)  GaAs 
Substrates  by  Electron  Beam  Lithography 
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Center  for  Microelectronic  Materials  and  Structures 
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Abstract.  We  have  developed  a  combined  electron  beam  lithography  /  epitaxial 
growth  procedure  for  controlling  the  nucleation  of  InAs  clusters  on  (100)  GaAs. 
A  sacrificial  AlGaAs  layer  was  employed  to  avoid  interactions  due  to  surface 
contamination  effects.  Atomic  force  microscopy  studies  of  the  surface 
morphology  after  electron  beam  lithography  and  after  InAs  growth,  as  well  as 
scanning  electron  micrographs  and  Auger  analysis  of  the  surface  will  be 
presented. 

1.  Introduction 

The  fabrication  of  low  dimensional  semiconductor  structures  usually  involves  some  type  of 
lithographic  pattern  transfer  strategy,  such  as  dry-etching  of  topographic  features  or  selective 
deposition  of  material  through  a  patterned  mask.  Almost  always,  these  post-growth 
fabrication  techniques  damage  the  structure  by  creating  electrical  and/or  optical  defects.  [1,2] 
We  have  developed  a  combined  electron  beam  lithography  /  epitaxial  growth  procedure  for 
controlling  the  nucleation  of  InAs  clusters  on  (100)  GaAs  substrates.  This  technique  provides 
sub-micron  lateral  resolution  and  does  not  require  pattern  transfer. 

2.  Procedure 

The  starting  material,  except  where  noted,  is  (100]  silicon-doped  GaAs  which  has  in  some 
cases  been  pre-coated  with  either  a  60  A  or  1000  A  layer  of  AIq  5Gao  4AS  via  low-pressure 
metalorganic  chemical  vapor  deposition.  The  purpose  of  the  AIq  ^Gao^As  layer  is  to 
eliminate  hydrocarbon  contamination  of  the  GaAs  surface  during  the  subsequent  electron 
beam  (e-beam)  exposure. 

The  e-beam  exposures  are  performed  at  an  accelerating  potential  of  40keV  with  a  beam 
current  of  lOOnA  and  an  exposure  dose  that  varies  between  10  and  100  C/cm^.  Several 
different  types  of  patterns  are  written  using  the  e-beam,  including  square  lattices  of  0.5  pm 
pixels  (variable  pixel  spacing),  lines  (variable  width  and  separation),  and  more  complex 
combinations  of  lines.  The  base  pressure  of  the  scanning  electron  microscope  during  e-beam 
writing  is  2x10“^  Torr,  and  a  liquid  nitrogen  cold  trap  is  used  to  reduce  any  residual 
hydrocarbon  contamination  from  the  diffusion  pump. 

After  e~beam  exposure,  the  sacrificial  Alo  ^Gao  ^As  layer  is  etched  away  in  a  1:1  mixture  of 
hot  (~75°C)  HC1:H20  in  preparation  for  growth.  The  InAs  clusters  are  grown  using  a 
low-pressure  horizontal  geometry  metalorganic  chemical  vapor  deposition  (MOCVD)  reactor 
with  an  H2  carrier  gas  flow  of  12  SUM  and  a  base  pressure  of  100  Torr.  The  indium  and 
arsenic  are  supplied  by  TMIn  (trimethylindium)  and  ASH3.  After  the  hot  HCl  etch,  samples 
are  rinsed  in  de-ionized  water  and  then  loaded  into  the  MOCVD  reactor.  The  samples  are 
heated  by  RF  induction  to  700°C  in  an  ASH3  overpressure  for  6  minutes,  which  is  sufficient 
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to  establish  a  surface  ready  for  epitaxial  growth,  i.e.,  the  native  oxide  has  been  removed  and 
the  rough  GaAs  surface  has  been  converted  into  a  series  of  atomic  terraces  and  steps,  verified 
by  atomic  force  microscopy. 

By  varying  the  flow  rates  for  AsHg  and  TMIn  and  the  substrate  temperature,  the  InAs 
crystallite  density  can  be  controllably  varied  from  ~10^  cm‘^  (far  above  the  substrate  etch  pit 
density  of  250  cm-2)  to  -lO^cm'^,  high  enough  for  quasi-two-dimensional  InAs  growth. 
Previous  work  [3]  has  examined  this  process  in  detail.  Under  typical  growth  conditions  used 
in  this  study,  the  growth  rate  is  approximately  1.5 A/s  at  a  substrate  temperature  of  650  C. 
The  island  density  is  approximately  constant  for  growth  times  in  the  range  of  5  to  60  seconds 
(i.e.,  a  saturation  value  is  quickly  reached),  and  decreases  after  that  due  to  coalescence  of  the 
islands.  The  surface  morphology  has  been  studied  by  many  techniques,  including  Normarski 
optical  microscopy,  scanning  electron  microscopy  (SEM),  electron  microprobe  analysis 
(EMA),  Auger  analysis,  and  atomic  force  microscopy  (AFM). 

3.  Results 

3.1  Analysis  of  Surface  Morphology  After  E-beam  Exposure 

AFM  studies  were  performed  to  see  how  the  e-beam  exposure  modified  the  sample  surface 
morphology.  Figure  1  shows  an  AFM  image  of  a  sample  with  a  lOOOA  Alo.6Gao.4As  cap 
layer.  There  are  three  important  regions:  (1)  the  dark  background  region  which  was  not 
exposed  to  the  e-beam,  (2)  the  lighter  region  near  the  line  structure,  and  (3)  the  bright  line 
structure.  The  surface  of  region  1  is  not  changed  during  the  process  as  expected,  and  high 
resolution  AFM  shows  atomic  terracing.  Region  2  is  approximately  15 A  higher  than  the 
background  and  the  line  in  region  3  is  30A  higher  than  the  background.  The  magnitude  of  this 
deformation  is  e-beam  dosage  dependent.  High  resolution  AFM  reveals  atomic  terracing  is 
still  present  in  these  regions,  as  can  be  seen  in  Figure  2.  Region  3  corresponds  to  where  the 
e-beam  dosage  was  actually  swept,  and  the  width  (-Ipm)  corresponds  to  the  lithographic 
width  of  the  feature.  The  width  of  region  2  is  approximately  10pm,  consistent  with  the  length 
scale  for  energy  loss  of  40  keV  electrons,  suggesting  that  this  feature  is  caused  by  the 
electrons  damaging  the  lattice  beneath  the  surface. 


0  pm  10  pm  20  pm 


Figure  1.  AFM  image  of  an  e-beam  written  line  on  (100)  GaAs. 
Total  height  variation  is  82A. 
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0  jim  2.5  |xm  5  }im 

Figure  2.  High  resolution  AFM  image  showing  atomie  terracing. 
The  total  height  variation  is  1 1  A. 


3.2  InAs  Surface 

Scanning  electron  and  atomic  force  microscopies  were  used  to  study  the  topology  of  the  InAs 
clusters.  Figures  3  and  4  are  high  magnification  AFM  and  low  magnification  SEM  images, 
respectively.  Note  the  alignment  of  the  clusters  to  the  GaAs  substrate  orientation,  and  the 
uniformity  in  size  (±25%). 


Figures.  AFM  image  of  InAs  clusters  on  (100)  GaAs^.  The  height  of  these 
clusters  is  ~4000A  and  the  width  of  the  base  is  ~5000A. 

Figures  5-7  show  SEM  images  of  the  InAs  growth  on  substrates  which  received  e-beam 
patterning.  In  all  cases,  a  60A  thick  sacrificial  Alo.eGao^As  layer  was  used.  Figure  5  shows 
an  InAs  grid  fabricated  with  a  2  jam  center  to  center  spacing  (InAs  clusters  are  white  and  the 
GaAs  substrate  is  the  black  background).  Figure  6  shows  a  more  complex  grid  of  InAs 
clusters,  demonstrating  anti-alignment  of  the  clusters  to  e-beam  exposure.  The  pattern 
consists  of  0.5|Lim  pixels,  with  variable  pixel  to  pixel  spacings.  This  figure  shows  the  effect 
that  varying  the  pixel  spacing  has  upon  the  cluster  growth.  Figure  7  shows  lines  of  clusters 
that  were  confined  to  grow  between  written  e-beam  lines. 
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Figure  4.  An  SEM  image  of  In  As  clusters  on  (100)  GaAs. 


Figure  5.  An  SEM  image  showing  InAs  clusters  (white)  forming  an  array  due 
to  the  electron  beam  patterning. 
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3.3  Auger  and  Electron  Microprobe  Results 

In  order  to  better  understand  the  nature  of  this  process,  we  investigated  these  structures  with 
Auger  and  electron  microprobe  measurements.  These  results  are  on  samples  that  had  a 
sacrificial  Alo.6Gao.4As  layer.  The  following  was  determined: 

(1)  In  the  areas  between  InAs  clusters,  far  away  from  e-beam  exposure  an  In  signal  is 
observed,  implying  an  InAs  wetting  layer  of  ~2  monolayers  forms.  No  trace  of  aluminum  is 
found  in  this  region,  and  as  this  region  is  sputtered,  the  indium  signal  decreases. 

(2)  In  regions  with  moderate  electron  beam  dosages  (<10  C/cm2),  no  aluminum  or  indium 
signals  are  observed  for  the  samples  with  a  60  A  Alo.6Gao.4As  layer. 

(3)  On  other  samples  that  had  very  high  (-100  C/cm^)  electron  beam  dosages,  traces  of 
aluminum,  oxygen,  and  indium  are  seen  for  samples  with  the  60  A  Alo.6Gao.4As  layer.  With 
sputtering,  the  indium  signal  disappears  first,  then  the  aluminum  and  oxygen  signals  disappear 
together.  For  samples  with  a  lOOOA  Alo.6Gao.4As  layer,  an  indium  signal  corresponding  to  a 
wetting  layer  is  seen,  though  no  nucleation  occurs.  No  aluminum  signal  is  seen  in  this  case. 

(4)  In  all  cases,  a  similar  initial  carbon  signal  is  present,  but  it  is  the  first  to  disappear  with 
sputtering.  This  is  most  likely  due  to  organics  absorbed  onto  the  sample  when  exposed  to 
ambient  conditions. 

From  this  we  conclude  that  for  the  60  A  Alo.6Gao.4As  cap  layer  samples,  moderate  e-beam 
dosages  inhibit  the  InAs  cluster  growth.  At  high  e-beam  doses,  it  appears  that  an  oxidized 
Alo  6Gao  4^^  layer  becomes  resistant  to  the  etch,  and  InAs  can  grow  on  top  of  the  oxidized 
AIq  6Gao  4AS  layer.  It  is  still  unclear  why  this  layer  becomes  resistant  to  etching.  Samples 
with  the  much  thicker  1000 A  Alo.6Gao  4AS  top  layer  appear  to  fully  etch,  even  at  high 
dosages.  InAs  cluster  growth  is  still  inhibited  in  the  e-beam  written  area,  though  a  wetting 
layer  of  InAs  is  forming. 

4.  Conclusions 

We  have  demonstrated  the  use  of  electron  beam  lithography  to  control  the  nucleation  of  InAs 
clusters  on  (100)  GaAs  surfaces.  A  variety  of  patterns  have  been  achieved  using  this  method. 
The  surface  morphology  of  the  substrates  after  the  e-beam  lithography,  but  prior  to  growth,  is 
also  examined  and  shows  a  distinct  relationship  to  both  the  electron  beam  size  and  the  length 
scale  for  energy  loss  of  the  40  keV  electrons  in  GaAs.  Auger  analysis  confirms  that  InAs 
growth  is  inhibited  in  regions  that  receive  approximately  10  C/cm^  for  the  60  A  Alo.6Gao.4As 
case,  though  this  becomes  more  complicated  for  higher  doses  and  thicker  Alo.6Gao.4As 
layers. 
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Antidot  superlattices  are  fabricated  on  AIGaAs/GaAs  heterostructures  by  electron  beam 
lithography  followed  by  a  carefully  tuned  wet  etching  step.  We  study  electron  transport  in  an 
antidot  lattice  with  a  finite  (9x9)  number  of  periods.  At  low  temperatures,  T=30mK,  the  phase 
coherence  length  of  the  electrons  exceeds  die  size  of  the  total  system  (2.4  pm).  At  low-carrier 
densities  and  high  magnetic  fields  die  electrons  travel  phase  coherendy  over  the  entire  system  in 
magnetic  edge  channels  and  interfere  with  each  odier  under  the  influence  of  the  geometry  of  die 
antidot  potential  landscapie.  The  resistance  shows  pronounced  Aharonov-Bohm-type  oscillations 
widi  a  characteristic  area  defined  by  die  circumference  of  the  antidots. 


1  Introduction 

Antidot  superlattices  represent  a  model  system  to  study  electronic  transport  through  a 
periodic  system  [1-4].  Starting  from  a  high  mobility  two-dimensional  electron  gas  a  periodic 
array  of  potential  pillars  can  be  fabricated  by  various  technological  means.  So  far  most 
experiments  have  been  performed  on  systems  whose  extent  is  much  larger  than  the  electron 
mean  free  path  4  as  well  as  the  phase  coherence  length  L^.  The  experimental  observations 
are  successfully  described  by  classical  dynamics  which  neglects  the  phase  of  the  electrons 
[5].  If  the  magnetic  field  is  such  that  the  classical  cyclotron  diameter  fits  ai'ound  a  single 
antidot  or  a  group  of  antidots  a  maximum  in  the  magnetoresistance  arises. 

In  order  to  investigate  phase  coherence  effects  in  antidot  systems  we  fabricate  an  aiTay 
of  9x9  antidots  surrounded  by  a  square  geometry  (see  inset  of  Fig.  1).  For  very  low 
temperatures  T<100mK  where  electron-electron  scattering  is  significantly  reduced  both 
and  4  iTiay  exceed  the  size  of  the  system  [6].  The  electrons  now  carry  a  phase  and  an 
amplitude  and  therefore  can  interfere  with  each  other. 


2  Fabrication  process 

The  fabrication  process  starts  from  a  GaAsI  Alj-Gaj^^As  heterostructure  which  contains  a 
two-dimensional  electrons  gas  65nm  below  the  surface.  Its  electron  density  is 
=  3  -10^^  and  the  elastic  mean  free  path  is  =8  jim.  A  Hall  bar  is  defined  by  wet 
etching  and  provided  with  Ohmic  contacts  (AuGe/Ni).  The  pattern  is  produced  by  electron 
beam  lithography  and  transferred  onto  the  sample  by  a  carefully  tuned  wet  eching  step.  The 
square  geometry  around  the  finite  antidot  lattice  has  point  contact-like  openings  at  its  comers 
as  contacts  to  the  system.  This  geometiy  is  written  in  the  same  step  with  the  electron  beam  as 
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Figure  1:  Magnetoresistance  traces  of  a  finite  antidot  lattice  at  T=  30  mK  at  very  low  carrier  densities.  The 
arrow  indicates  the  classical  commensurability  maximum.  The  inset  shows  an  image  taken  with  an  atomic  force 
microscope  of  a  wet  etched  surface  of  a  GaAs/AlGaAs-  heterostructure.  Ohmic  contacts  are  made  to  tlie  comers 
of  the  square  indicated  by  i,j,k  and  1. 


the  antidot  lattice.  That  procedure  provides  an  inherently  good  alignment  of  the  two 
structures.  For  small  structures  the  etch  rate  depends  sensitively  on  the  size  of  the  features.  In 
making  the  width  of  the  bars  that  define  the  square  confining  geometry  larger  than  the 
diameter  of  the  antidots  it  is  guaranteed  that  the  finite  lattice  is  decoupled  from  the  outside 
2DEG  before  the  antidot  potential  is  actually  formed  in  the  2DEG.  The  inset  of  Fig.  1  shows 
an  atomic  force  microscope  image  of  a  finite  antidot  lattice  with  a  system  size  L  =  2.4^m 
and  a  period  a  =  240nm.  Each  antidot  is  well  developed  and  the  variation  in  size  is 
remarkably  small.  The  whole  structure  is  covered  by  a  gate  metal  which  allows  to  change  the 
Fermi  energy  in  the  system.  The  sample  is  cooled  in  a  dilution  refrigerator  down  to 
temperatures  of  30  mK.  Typical  four- terminal-measurements  of  the  resistance  = 

j  are  made  by  passing  a  current  I  through  the  contact  i  and  j  and  measuring  the 
voltage  drop  across  the  other  two  contacts  (k  and  1). 


3  Experimental  results 

In  a  recent  publication  we  investigated  the  regime  of  high  carrier  densities  [7].  In  this  case 
the  classical  commensurability  oscillations  are  superimposed  by  strong  reproducible 
fluctuations  in  the  magnetoresistance  that  die  out  at  larger  fields  where  the  cyclotron 
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1/B  (1/T) 


Figure  2;  Fourier  transform  calculated  on  the  experimentally  obtained  magnetoresistance  traces  (Fig.  1).  The 
right  inset  shows  the  dependence  of  the  AB -frequency  on  the  applied  gate  voltage.  The  frequencies  approach  a 
value  which  is  given  by  the  circular  area  as  indicated  in  the  left  inset. 


diameter  becomes  smaller  than  the  lattice  period.  The  Fourier  analysis  reveals  an  Aharonov- 
Bohm  effect  related  to  the  area  enclosed  by  the  classical  cyclotron  orbit  around  groups  of 
antidots.  Here  we  focus  on  the  regime  of  low -carrier  densities  and  magnetic  fields  around 
filling  factor  v=2.  The  system  now  resembles  a  shallow  lake  (Fermi  sea)  between  the  antidot 
pillars. 

In  the  quantum  Hall  regime  the  electrons  travel  along  the  boundary  of  the  confining 
geometry  in  magnetic  edge  channels  and  therefore  do  not  feel  the  presence  of  the  antidot 
lattice.  If  the  Fermi  Energy  Ep  is  lowered  by  a  very  negative  gate  voltage  the  constrictions 
between  the  wall  and  the  antidots  and  between  two  antidots  become  very  narrow.  This  leads 
to  a  coupling  of  the  edge  channels  along  the  boundaries  and  the  edge  channels  which  travel 
along  the  circumference  of  the  antidots.  Figure  1  presents  the  magnetoresistance  for 

different  negative  gate  voltages.  At  low  magnetic  fields  B  =  0.3T  the  resistance  peak 
corresponding  to  a  classical  orbit  around  a  single  antidot  can  be  seen.  In  the  minimum  of  the 
magnetoresistance  related  to  filling  factor  v=2  (0.8T  <  B  <  2.3T)  highly  periodic  Aharonov- 
Bohm  (AB)-oscillations  with  a  period  AB  =  lOOmT  are  observed.  The  characteristic  area  in 
this  case  is  defined  by  the  circumference  of  the  antidots.  The  role  of  the  classically  pinned 
trajectories  is  now  taken  over  by  quantum  mechanical  edge  states.  In  single  quantum  dots 
such  AB -oscillations  have  been  observed  where  the  electrons  are  confined  to  edge  states 
close  to  the  perimeter  of  the  dot  [8]. 

At  high  magnetic  fields  the  location  of  the  edge  channels  is  determined  by  their  guiding 
center  energy  Eq  =  Ep  “^£U^(n  +  7/2)  where  (D(^  is  the  cyclotron  frequency  and  n  is  the 
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Landau  level  index.  The  electrons  follow  the  equipotential  lines  V{x,y)=EQ  around  the 
antidots.  During  one  revolution  they  accumulate  a  phase  A(p  =  2n^  !  (I)q  where  0^  ^hje  is 
the  elementary  flux  quantum  and  (p  =  A{Eq)B  is  the  flux  through  the  area  enclosed  by  the 
edge  channels  around  the  antidots.  The  oscillations  are  periodic  in  B  corresponding  to  the 
addition  of  one  flux  quantum  through  the  enclosed  area  A{Eq). 

In  order  to  get  a  quantitative  understanding  of  the  oscillations  we  Fourier  transform  the 
magnetoresistance  as  displayed  in  Fig.  2.  If  the  window  is  chosen  around  the  minimum 
corresponding  to  v=2  pronounced  maxima  in  the  Fourier  transforms  are  found.  The  maxima 
shift  to  higher  frequencies  f  ={elh)A{E^)  for  more  negative  gate  voltages.  This  is  in 
agreement  with  the  simple  picture  that  with  decreasing  carrier  density  the  antidots  size 
increases.  Consequently,  the  area  given  by  the  circumference  of  the  antidots  and  the 
corresponding  frequency  of  the  AB -oscillations  increases.  The  inset  in  Fig.  2  shows  the 
frequency  as  a  function  of  the  applied  gate  voltage.  The  frequencies  approach  a  value 
f  ~{efh)A^  -  115T~^  which  is  determined  by  a  circular  area  Ao  =  7z{al2Y  with  the 
diameter  equal  to  the  lattice  period  a.  If  the  gate  voltage  is  lowered  further  the  edge  channels 
are  reflected  at  the  barriers  between  the  antidots.  The  oscillations  disappear  if  the 
temperature  is  raised  above  T=  900mK. 

In  summary,  we  have  reported  on  a  cross-over  from  classical  trajectories  to  quantum 
mechanical  edge  states  in  a  finite  antidot  lattice.  The  characteristic  area  for  the  AB- 
oscillations  is  given  by  the  circumference  of  the  antidots. 
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Abstract.  We  have  measured  the  conductance  G  of  electronic  stub  tuners  (ESTs)  and 
quantum  wires  (QWs)  in  the  ballistic  regime  as  a  function  of  an  applied  gate  voltage  Vg, 
which  changes  the  stub  length  and  wire  width.  For  QWs  we  observe  quantiz^ 
conductance  plateaus.  The  transmission  pattern  of  ESTs  as  a  function  of  Vg  is 
oscillatory  in  nature.  We  attribute  this  to  interference  effect  between  electron  waves 
reflected  from  the  stub  and  those  in  the  main  wire.  Confirmation  of  this  interpretation  is 
obtained  from  measurements  of  G  in  an  applied  magnetic  field  B.  This  work  presents 
unequivocal  experimental  evidence  for  interference  of  ballistic  quantum  electron  waves. 


1.  Introduction 

In  quantum  transport,  electrons  are  described  by  their  quantum  mechanical  wave  functions. 
When  transport  is  ballistic,  the  electron  wave  retains  its  phase  coherence  and  is  subject  to 
interference  effects  common  to  all  wave  phenomena.  Though  various  concepts  [1-2]  have 
been  put  forward  for  experimental  observation  of  this  effect,  as  of  now,  very  few  attempts  [3- 
4]  have  been  made  to  experimentally  observe  quantum  interference  in  the  ballistic  regime. 
Moreover,  the  reults  of  these  attempts  are  inconclusive.  In  this  work,  we  report  unambiguous 
experimental  evidence  for  interference  of  ballistic  quantum  electron  waves.  The  experimental 
device  we  have  chosen  is  the  electronic  stub  tuner  (EST) 


2.  Quantum  electron  transport  in  electronic  stub  tuner  (EST) 

An  EST  can  be  viewed  as  the  mesoscopic  analog  of  an  electromagnetic  stub  tuner  that  can  be 
tuned  on  a  femtosecond  scale.  A  simple  EST  is  a  quantum  wire  which  has  the  form  of  an 
inverted  T  and  thus  consists  of  a  quantum  wire  to  which  is  attached  a  lateral  branch  or  stub, 
the  length  of  which  can  be  controlled  by  the  voltage  Vg  of  a  Schottky  gate  (Fig.  1).  When  the 
total  length  of  the  EST  is  smaller  than  all  the  characteristic  transport  scattering  lengths,  and 
its  width  is  comparable  to  the  Fermi  wavelength,  electron  transport  through  it  is  ballistic. 
One  can  also  consider  an  EST  of  a  special  shape  in  the  form  of  a  cross  or  double  stub 
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connected  to  quantum  wires  on  each  side  (Fig.  1,  inset).  To  distinguish  the  two  different 
types  of  ESTs,  we  designate  the  single-stub  EST  as  SEST  and  the  double-stub  EST  as  DEST. 

The  conductance  G  in  the  fundamental  mode  of  a  SEST  at  zero  temperature  has 
been  theoretically  shown  [5]  to  be  a  periodic  function  of  the  stub  length.  Here  we  consider 
the  case  when  all  the  dimensions  W,  H,  and  W  (Fig.  1)  of  a  SEST  or  DEST  change 
simultaneously  and  in  the  same  linear  manner  with  Vg.  One  can  then  calculate  the 
conductance  as  a  function  of  one  parameter  W,  remembering  that  H  and  W  change 
simultaneously  as  W  changes.  We  have  calculated  the  conductance  of  SESTs  and  DESTs,  for 
the  case  W  =  W,  using  the  transfer  matrix  technique  [5]  and  assuming  square-welt 
confinement.  The  elements  of  the  transfer  matrix  are  obtained  by  mode-matching.  The 
conductance  G  is  evaluated  from  the  Landauer  formula  and  at  zero  temperature  is  given  by. 

6(E)  =  (2e'  /  h)2lC"r(“n 

mn 

The  summation  is  over  all  propagating  channels.  is  the  outgoing  amplitude,  a„  is  the 
wave  number  for  the  nth  channel,  and  E  the  Fermi  energy.  Fig.  2  shows  the  calculated 
conductance  of  a  DEST  at  zero  temperature  as  a  function  of  W  for  the  dimensions  (see 
below)  of  our  experimental  sample.  The  influence  of  finite  temperature  is  to  make  the  minima 
shallower,  by  lifting  them  to  higher  G  values  as  W  increases.  Inspection  of  Fig.  2  shows  that 
the  expected  plateaus  of  a  QW  are  split  into  a  series  of  transmission  minima.  Similar  results 
have  been  obtained  for  SESTs.  The  physical  picture  of  the  origin  of  these  minima  is  the 
quantum  interference  between  electron  waves  reflected  from  the  stub  and  those  in  the  main 
wire. 

3.  Results  and  discussion 

The  QWs,  SESTs,  and  DESTs  used  in  this  study  were  fabricated  from  high-mobility  (|i  =  1 10 
m^A^s  at  4.2  K)  AlGaAs/GaAs  modulation-doped  (Si)  hetero structures  grown  by  MBE  with 
low  electron  concentration  (n  =  3. 1  x  10 15  m-2).  The  electron  mean  free  path  is  10  |im.  The 
lithographic  geometric  dimensions  of  the  devices  were  ;  L  =  550,  H  =  300,  and  W  =  W  =  250 
nm  (Fig.  1).  With  the  device  gates  grounded,  measurements  of  Shubnikov-de  Haas 
oscillations  at  70  mK  gave  a  Fermi  energy  Ep  of  8.9  meV.  The  conductance  G  of  the  devices 
was  measured  as  a  function  of  the  split-gate  voltage  Vg  at  70  mK  in  the  absence  and  presence 
of  a  magnetic  field  B  applied  perpendicular  to  the  device  plane.  To  measure  G,  an  ac  voltage 
of  64  [iV  at  7Hz  was  applied  onto  the  drain  contact  of  the  device  and  the  current  flowing 
through  the  device  and  out  the  source  contact  (a  virtual  ground)  was  monitored  by  a  current- 
to-voltage  preamplifier,  the  output  of  which  was  fed  into  a  lockin  amplifier,  tuned  to  the 
frequency  of  the  drain-source  voltage. 


Fig.  1.  Schematic  diagram  of  a  sample  chip  with  EST  devices.  C's  represent  ohmic  contacts  and  G's 

are  Schottky  gates. 
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Figure  3  shows  the  conductance  G  of  a  QW  and  a  SEST  as  a  function  Vg  in  zero 
magnetic  field.  The  QW  shows  conductance  steps  with  plateaus  at  close  to,  but  lower  than 
integral  values  of  (2e2/h).  The  oscillatory  nature  of  the  conductance  between  the  plateaus  is 
reproducible  and  can  be  attributed  to  scattering  from  disorder;  specifically  to  backscattering 
and  resonant  tunneling  through  single  impurities  in  the  QID  channel.  The  observed  recovery 
of  exact  quantization  and  the  improvement  in  the  sharpness  of  the  steps  in  a  magnetic  field  of 
1  T  (Fig.  3,  inset)  are  consistent  with  this  interpretation.  The  conductance  of  the  SEST 
contrary  to  the  QW,  shows  no  plateaus  or  quantization  and  is  oscillatory  in  Vg.  The 
oscillations  are  reproducible.  In  Fig.  4,  we  show  the  conductance  G  of  a  DEST  in  zero  and 
applied  magnetic  field.  As  for  the  SEST,  G  of  the  DEST  shows  oscillations  and  does  not 
exhibit  quantized  conductance  steps.  The  oscillatory  pattern  of  the  conductance  is  found  to 
evolve  with  applied  magnetic  field  until  for  B  —  IT  the  oscillations  disappear  and  well- 
defined,  quantized  conductance  steps  appear.  We  have  obtained  similar  results  for  the  SEST 
as  well.  Measurements  on  other  SESTs  and  DESTs  confirm  this  general  pattern,  except  that 
the  pinch-off  voltage  is  found  to  depend  on  the  specific  sample. 

For  the  QW,  we  find  the  midpoints  of  the  plateaus  to  be  equispaced  in  Vg  (Fig.  2 
does  not  show  all  the  observed  plateaus)  with  a  spacing  AVp  =  29  mV,  which  is  the  plateau 
width.  From  this  we  construct  the  conductance  steps  for  the  ideal  QW  (Fig.  2,  dotted).  The 
nonzero  value  of  G  below  the  first  step  in  the  experimental  curve  is  due  to  smearing  of  the 
subband  threshold  caused  by  quantum  tunneling.  This  results  in  a  shift  AVg  =  12  mV  in  the 
effective  pinch-off  voltage.  Assuming  that  AVg  remains  the  same  for  all  the  devices,  we  can 
superimpose  the  ideal  QW  quantized  steps  (dotted  in  Fig.  3)  on  the  experimental  G  curves  of 
SEST  and  DEST.  Since  the  midpoint  of  a  plateau  corresponds  to  the  situation  when  the 
Fermi  level  is  in  the  middle  between  two  subbands,  from  a  knowledge  of  Ep  and  assuming 
square-well  confinement  one  can  compute  the  wire  widths  for  values  of  Vg  corresponding  to 
the  midpoints  of  the  plateaus.  We  find  a  linear  relationship  between  Vg  and  W  with  dW/dVg 
=  0.84  (nm/mV).  One  can  then  convert  the  Vg  scales  of  Figs.  3  and  4  into  W  scale  and 
compare  the  experimental  results  with  theoretical  predictions. 

We  attribute  the  observed  conductance  oscillations  for  SEST  and  DEST  to  quantum 
interference  between  electron  waves.  However,  we  note  that  the  observed  oscillatoty  pattern 
of  the  conductance  looks  more  like  an  envelope  of  the  calculated  ones.  A  smearing  of  the 
zero-temperature  theoretical  oscillations  may  result  due  to  finite  temperature  effect. 
However,  at  70  mK  this  effect  should  be  negligible.  It  should  be  noted  that  the  theoretical 
conductance  pattern  of  Fig.  2  was  computed  on  the  basis  of  rectangular  stubs  with  sharp  wall 
boundaries  which  is  unrealistic  for  electrostatic  confinement.  In  fact,  the  real  shape  of  the 
stubs  can  deviate  substantially  from  the  ideal  case.  Recent  theoretical  calculations  [6]  on  the 
shape  dependence  of  G  of  SESTs  show  that  the  oscillation  period  increases  as  the  stub  shape 
changes  from  rectangular  to  Lorentzian  to  right-triangle,  and  can  be  of  the  order  of  100 
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Vj(V) 


Fig.  3.  Measured  conductance  G  of  a  quantum  wire  (QW)  and  a  SEST  at  70  mK  as  a  function  of  gate 
voltage  Vg  The  dotted  lines  show  ideal  QW  steps. 


Fig.  4.  Measured  conductance  G  of  a  DEST  as  a  fimction  of  gate  voltage  Vg  at  70  mK  for  different 

values  of  applied  magnetic  field. 


Fig.  5.  Measured  conductance  G  of  a  DEST  in  the  fundamental  mode  at  70  mK  as  a  function  of 
magnetic  field.  The  inset  shows  data  for  a  quantum  wire  (QW). 
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A.  A  one-to-one  correspondence  between  theoretical  predictions  and  experimental  results  can 
not,  therefore,  be  expected.  Our  interpretation  of  the  experimental  results  in  terms  of 
quantum  interference  of  electron  waves,  as  outlined  above,  is  substantiated  by  the  results  of 
measurements  of  G  in  magnetic  field  B  (Fig.  4).  For  low  values,  the  field  introduces  an 
additional  local  phase  factor.  The  oscillation  pattern  G(Vg)  of  ESTs  is  thus  expected  to  be 
different  for  different  values  of  B,  in  agreement  with  observation.  This  evolution  has  not  been 
observed  for  QWs.  When  B  is  strong  enough,  the  current  is  carried  by  the  edge  states  and 
interference  between  electron  waves  can  not  take  place.  In  the  absence  of  interference,  one 
gets  back  the  quantized  conductance  steps  of  QWs  (Fig.  4). 

A  more  convincing  evidence  for  quantum  interference  between  elctron  waves  in 
SESTs  and  DESTs  is  obtained  from  measurements  of  G  as  a  function  ofB  for  fixed  Vg  (Fig. 
5).  To  do  this,  the  split-gate  voltage  was  so  chosen  that  transport  was  in  the  fundamental 
mode.  The  G  of  the  BEST  shows  a  pronounced  structured  dip  in  the  range  where  B  is  not 
strong  enough  to  produce  edge  states.  This  happens  because  the  field  modifies  the 
interference  between  electron  waves.  Hence  as  B  changes  one  can  expect  a  structure  in  the 
conductance. The  structured  dip  is  not  observed  for  the  QW  (Fig.  5,  inset)  in  which  there  is  no 
interference  effect.  Indeed  recent  calculation  of  G  [7]  for  ESTs  in  the  fundamental  mode  as  a 
function  of  magnetic  field  shows  a  conductance  dip  similar  to  the  one  observed 
experimentally. 
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Efficient  modulation  of  carrier  density  in  novel  double 
quantum  well  structure  by  low  optical  pump  power 
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Abstract.  We  demonstrate  that  the  density  of  carriers  can  be  efficiently  modulated  by  low  cw 
pump  power  I^XC  when  a  novel  GaAs/GaAIAs  double  quantum  well  structure  is  used  to 
.separate  photoexcited  electron-hole  pairs  into  different  quantum  wells.  A  separated  carrier  density 
Nsc=l  -4*  10^  ^carriers  cm'^  was  found  at  a  pump  power  lEXC=250mWcm'^.  This  was  studied 
via  the  photoluminescence  peak  position  which  is  very  sensitive  to  the  carrier  density.  Detailed 
measurements  revealed  the  efficiency  of  carrier  separation  ecs~20%  and  the  separated  carrier 
lifetime  Tsc=2.3ps. 


1.  Introduction 

Efficient  spatial  separation  of  earners  in  double  quantum  well  (DQW)  structures  is  expected  to 
open  doors  to  various  devices.  This  phenomenon  can  be  used  to  modulate  efficiently  the 
carrier  concentration  by  optical  excitation  or  to  control  the  intensity  and  wavelength  of 
photoluminescence  from  biased  DQWs.  Numerous  attempts  have  been  made  to  control  this 
process  by  using  such  structures  as  nipi-structure  [1],  type-II  GaAs/AIAs  quantum  wells  [2] 
or  coupled  DQW  [3].  We  investigate  here  the  carrier  separation  process  in  a  novel  double 
quantum  well  structure  to  show  that  high  efficiency  of  carrier  separation  and  long  lifetime  of 
separated  carriers  are  simultaneously  achieved. 

This  novel  DQW  structure  consists  of  two  GaAs  wells  surrounded  by  AlAs  external 
baiTier  (EB)  and  separated  by  a  low  GaAlAs  middle  barrier  (MB)  (inset  Fig.  2).  The  middle 
barrier  has  been  chosen  wide-enough  to  avoid  tunneling  between  the  two  wells  and  acts  also  as 
an  absorbing  layer.  Electron-hole  pairs  optically  generated  inside  MB  can  be  separated  by  a 
perpendicular  electric  field  Ez  and  relax  into  a  respective  well  as  carriers  are  to  be  stopped  by 
the  external  barrier. 

The  concentration  of  separated  carriers  (SC)  for  a  fixed  pump  power  depends  on  two 
factors,  namely  (1)  the  efficiency  of  carrier  separation  Ecs  which  is  defined  as  the  number  of 
spatially  separated  electron-hole  pairs  divided  by  the  total  number  of  electron-hole  pairs;  (2) 
the  lifetime  Xsc  of  SC.  Mechanisms  of  earner  separation  in  this  structure  are  revealed  here  by  a 
series  of  photoluminescence  (PL)  measurements.  From  the  dependence  of  integrated  PL 
intensity  on  applied  bias,  e^s  is  estimated.  We  then  point  out  that  the  peak  position  of  PL 
depends  on  the  concentration  N^c  of  SC  as  the  field-induced  Stark  effect  is  reduced  by  the 
screening  of  the  field  by  spatially  separated  electron-hole  pairs.  To  analyze  the  data,  we 
calculate  by  a  self-consistent  Hailree  approximation  the  shift  of  the  PL  peak  as  a  function  of 
carrier  density  and  bias  and  compare  the  result  with  experiments  to  determine  Nsc  as  a 
function  of  pump  power.  Finally,  the  time  resolved  PL  study  is  done  to  determine  the  peak 
position  as  a  function  of  time,  from  which  the  lifetime  of  SC  is  estimated. 


842 


2.  Sample  structure  and  experimental  set-up 

The  sample  used  in  these  measurements  consisted  of  fifteen  periods  of  DQW  grown  by 
molecular  beam  epitaxy  on  a  semi-insulating  GaAs  substrate.  The  DQW  consists  of  two  GaAs 
quantum  wells  QW-A  and  QW-B  (70A  and  50A,  resp.)  separated  by  a  200A  Gao.66Alo.34As 
Fniddle  barrier  (MB).  These  wells  are  surrounded  by  a  lOOA-thick  AlAs  external  barrier  (EB) 
(cf.  inset  Fig.  2).  The  well  region  was  clad  between  an  n+-doped  layer  and  a  lOOA  GaAs  top- 
layer.  Ohmic  contact  to  the  doped  layer  was  taken  by  annealing  InSn  contact  after  an  etching 
of  400()A  on  part  of  the  sample.  An  electric  field  perpendicular  to  the  layers  was  applied  by 
using  a  Schottky  contact,  formed  by  evaporating  a  lOOA-thick  semi-transparent  gold  film  on 
the  non-etched  part  of  the  sample.  PL  measurements  were  carried  out  at  77K  with  Tungsten 
lamp  excitation  for  low  power  measurement  and  with  Ar+  laser  excitation  for  higher  pump 
power.  Titanium-Sapphire  laser  was  used  as  a  probe  in  the  time  resolved  measurements.  The 
Ohmic  contacts  were  opaquely  covered  during  the  measurements. 

3.  Experimental  results 

In  the  following,  we  discuss  the  photoluminescence  of  the  wide  well  (QW-A).  Figure  1  shows 
the  integrated  PL  intensity  of  QW-A  as  a  function  of  bias.  Monochromated  light  from 
Tungsten  lamp  is  used  for  excitation  with  the  wavelengths  ^EXC=680nm  (1 .82eV)  and  550nm 
(2.25eV).  In  case  1  (A.EXC=68()nm)  where  the  photon  energy  is  lower  than  MB  gap,  the 
carriers  are  directly  excited  inside  the  wells  and  no  carrier  separation  is  expected.  In  case  II 
(^EXC=-'’^>rinm)  where  the  carriers  are  excited  above  MB,  the  direct  separation  of  carrier  can 
occur.  In  a  reverse  bias  condition,  holes  will  relax  to  QW-A,  and  electrons  to  QW-B.  Hence, 
QW-A  has  a  majority  of  holes  and  its  PL  intensity  will  be  governed  by  its  number  of  electron. 
Note  that  the  PL  intensity  (point  A  in  Fig.  1 )  exhibits  a  drastic  quenching  when  an  electric  field 
is  applied  (point  B  and  C)  which  is  not  seen  in  case  1.  This  quenching  reflects  the  sudden 
onset  of  the  carrier  separation  which  decreases  the  number  of  electron  relaxing  in  QW-A.  As 
PL  intensity  at  B  results  from  the  recombination  of  non-separated  EH  pairs,  the  ratio  (Ia- 
Ib)/Ia  gives  us  a  measure  ecs  of  the  efficiency  of  carrier  separation,  where  Ia  and  Ib  are  the 
PL  intensity  at  point  A  and  B.  In  Fig.  L  we  have  ecs~*^7%.  The  increase  of  PL  intensity  at 
larger  reverse  bias  (point  D,  Fig.  1 )  seen  in  case  I  and  II  is  not  related  with  carrier  separation. 
This  phenomenon  will  be  discussed  elsewhere. 

A  series  of  PL  study  was  done  next  by  using  an  Ar+  laser  excitation  with  pump  powers 
ranging  from  1.9mWcnr2  to  5Wcm-2.  First,  ecs  was  studied  as  a  function  of  pump  power 
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Fig.  1 :  Integrated  PL  intensity  of  well  A  as  a  function  Fig.  2:  as  a  fiinctioti  ot  The  inset  shows  the 

ofelectric  field  at  two  excitation  wavelengths.  structure  under  a  reverse  bias  condition. 
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^EXC-  As  shown  in  Fig.  2,  e^s  is  found  to  decrease  rapidly  when  l^xc  is  increased.  This 
suggests  that  photogenerated  caniers  in  MB  are  separated  less  efficiently  due  to  the  weakening 
of  the  field  in  MB.  This  weakening  results  from  the  opposite  electric  field  created  by  the 
separated  earners  population. 

The  peak  position  of  the  PL  spectra  of  QW-A  was  studied  and  is  plotted  in  Fig.  3  as  a 
function  of  corrected  bias  voltage  at  different  pump  power.  The  bias  was  estimated  by 
considering  the  potential  drop  due  to  the  current  through  a  contact  resistance  of  IkQ.  Note  that 
the  field-induced  Stark  shift  decreases  at  high  pump  power.  This  decrease  comes  from  the 
screening  of  the  external  field  by  separated  carriers  (SC)  and  reflects  an  increase  in  the 
concentration  Nsc  i^]  -  To  interpret  this  data,  we  have  calculated  self-consistently  the  PL  peak 
shift  as  a  function  of  bias  and  carrier  concentration.  Results  are  shown  in  Fig.  4  for  several 
electric  fields.  By  comparing  Fig.  4  with  the  data  of  Fig,  3,  the  concentration  Nsc  of  SC  was 
determined  as  a  function  of  pump  power  Iexc-  As  shown  in  Fig.  5,  Nsc  is  not  proportional 
to  the  pump  power  but  increases  slower.  It  is  clear  that  Nsc  is  given  by 

Nsc  =  C  esc  tsc  Iexc  (1) 

where  C  is  a  proportionality  constant  that  can  be  approximated  as 

C  ~  T  exp(-a  dwell)  (hv)'I  =  6.5*10l4|-nJ"I  (2) 

with  T  the  transmission  of  the  gold  layer,  a  the  absorption  coefficient  of  GaAs,  dwell  the  total 
width  of  the  wells  and  hv  the  excitation  photon  energy.  If  we  substitute  into  (1)  the  carrier 
concentration  Nsc=l-4'M0lI  cm"^  at  pump  power  lExC=250mWcnr2,  £sc=20%  and 
C=6.5*10l4mJ-I  ,  we  find  that  Tsc-4-3ps.  If  the  lifetime  Xsc  is  constant,  Nsc  niust  be 
proportional  to  esc*lEXC-  la  Fig-  the  dashed  curve  shows  esC*lEXC  estimated  from  the 
values  of  Fig.  2.  The  good  agreement  with  the  curve  for  Nsc  confirms  that  the  slow  increase 
of  Nsc  can  be  ascribed  to  the  decrease  of  esc-  The  highest  carrier  concentration  found  at  -4V 
is  Nsc=2.2*10I  Icarriers  cm'^  for  a  pump  power  lexc^-^Wcnr^. 

In  our  calculation  of  the  Stark  shift,  many-body  effect  was  not  considered.  As  the 
quenching  of  exciton  compensates  approximately  the  band-gap  renormalization  for  carrier 
concentration  lower  than  3*  IQI  Icarriers  cm"^  [6,7],  Hartree  approximation  should  be  a  good 
approximation  in  our  case.  Many-body  effect  gives  an  additional  shift  to  the  low  energy  side 
when  canier  density  increa.ses.  Hence  the  carrier  concentration  is  underestimated. 


Fig.  PL  peak  position  as  a  function  of  corrected 
bias  for  three  excitation  intensities. 


-2  0  2  4  6  8 

CARRIER  DENSITY  (t0“cm'^) 
Fig.  4:  Stark  shift  under  different  electric  fields 
calculated  as  a  function  of  carrier  concentration. 
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measured  at  -4V  and  (solid  lines)  as  a  function  of 
excitation  intensity 

As  the  peak  position  changes  sensitively  with  Nsc.  we  can  estimate  the  lifetime  Tsc  of 
the  SC  from  the  time  variation  of  the  peak  position.  For  this  experiment,  carriers  are  generated 
above  the  MB  by  30ps-long  Ar+  laser  pulse  while  the  PL  was  measured  using  a  weak  Ti- 
Sapphire  laser  excitation  at  724nm  (l.71eV).  In  Fig.  6  the  peak  position  of  the 
photoluminescence  spectra  is  plotted  as  a  function  of  time  alter  the  Ar+  laser  is  turned  oft  at 
pump  power  lEXC^250mWcnr2  and  bias  U=-6V.  Note  that  the  Stark  shift  recovers,  from 
which  we  find  a  lifetime  Tsc=2.3ps.  This  is  consistent  with  the  above  estimation  of  TsC- 

4.  Conclusion 

We  have  demonstrated  that  the  spatial  separation  of  photogenerated  earners  in  a  novel  quantum 
well  structure  results  in  an  efficient  modulation  of  carrier  density  Nsc  with  Nsc  being 
1.1*10^  ^  cm“2  at  a  low  pump  power  Igxc-^ When  a  high  carrier  density 
Nsc=2-'^*I0*  •carriers  enr^  is  reached,  however,  the  efficiency  esc  of  spatial  separation  is 
reduced.  A  long  lifetime  of  separated  carriers  Tsc=2.3ps  was  found.  An  improvement  of  the 
sample  quality  and  structure,  such  as  the  use  of  a  higher  and  thicker  external  barrier,  will 
further  enhance  xsc  ^r^d  esc  will  allow  even  more  efficient  modulation  of  the  separated 
carrier  density  Nsc- 
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Abstract.  Resonant  tunneling  appears  in  GaAs/AIAs/Hi  As/AlAs/GaAs  structures  fabricated  by 
MBE  on  (21 1)B,  (31 1)B,  (51 1)B  and  (100)  semi-insulating  substrates  and  ErAs  thicknesses  of 
5,  10  and  15  monolayers.  The  resonant  channel  is  essentially  temperature  independent,  it 
dominates  the  background  current  and  exhibits  differential  negative  resistance  only  below  150  K. 
The  exact  nature  of  the  resonant  tunneling  cliannel  is  made  clear  by  magneto-tunneling 
experiments.  Magnetic  fields  below  8  Tesla  are  sufficient  to  produce  an  anomalously  large 
splitting  of  tine  resonant  channel.  This  result  is  consistent  with  the  known,  large,  Er  4f 
exchange  enhanced,  s|)Iilting  of  the  conduction  band  in  ErAs  and  implies  that  the  resonant 
channel  is  a  iiuanli/.cd  electron  stale. 


I.  Introduction 

Hybrid  metal  or  semimetal/semiconduclor  heteroslruclures  have  promising  applications  for 
three  terminal  quantum  devices  and  other  novel  metal/semiconductor  devices,  such  as  metal 
base  transistors  and  random  distributed  Schotlky  diode  arrays  buried  in  a  semiconductor  [1], 
The  key  concerns  for  synthesis  of  such  hybrid  structures  have  been  the  difference  in  crystal 
structures,  thermal  stability  and  growth  compatibility  [2] .  Rare-earth  monoarsenides  (REAs), 
such  as  ErAs,  have  been  shown  to  be  excellent  choices  as  thermodynamically  stable 
compounds  for  use  in  epitaxial  semi-metal/semiconductor  heterostructures  with  Ill-Y 
semiconductors  [3].  Previous  work  [3]  demonstrated  that  pinhole-free  ErAs  thin  films  down 
to  3  ml  can  be  epitaxially  grown  on  GaAs.  Transport  measurements  [4]  of  relatively  thick, 
(200A),  ErAs  films  buried  in  GaAs  confirmed  semimetallic  conduction  in  this  material  as 
predicted  earlier  [5].  Unlike  other  semimetals,  ErAs  shows  no  seniimetal-semiconductor 
transition  as  the  thickness  is  reduced.  Also,  the  differences  in  material  properties  of  ErAs  and 
GaAs  allow  reliable  and  reproducible  selective  contact  to  the  thinnest  of  ErAs  layers  [1].  Tliis 
makes  ErAs  quite  appealing  for  active  metal  film  applications.  This  hybrid  structure  is 
essentially  a  building  block  for  metal/semiconductor  electronic  devices.  With  the  exception  of 
some  early,  tentative  results  on  NiAl[6],  little  has  been  known  about  vertical  transport  in  such 
a  structure . 

In  this  paper,  we  present  our  experimental  work  on  the  vertical  electrical  transport 
through  ErAs/ill-V  semiconductor  heterostructures  which  exhibit  clear  and  reproducible 
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resonant  tunneling  through  a  semi-nietallic  quantum  well.  Most  striking  is  the  anomalously 
large  magnetic  field  dependence  which  is  caused  by  the  exchange  interaction  between  the 
quantum  states  and  the  localized  moments  on  the  Er  ions. 


11.  Experimenlal 


The  test  devices  used  in  this  experiment  have  a  double  barrier  resonant  tunneling  diode  (RID) 
structure.  It  consists  of  a  thin  ErAs  well  (5~15  ml)  sandwiched  between  20A  AlAs  double 
barriers,  with  a  lOOA  GaAs  spacer  layer  and  n+GaAs  electrode  on  each  side,  as  schematically 


shown  in  figure  1.  The  devices  were  grown 
on  GaAs  semi-insulating  substrates  in  a 
Varian  Gen  11  solid  source  molecular  beam 
epitaxy  system.  Previous  work  [7]  showed 
that  the  electrical  properties  of  ErAs  remain 
unchanged  as  the  growth  temperature  varies 
from  420^C  to  580^C,  while  RllEED 
oscillation  was  observed  only  at  the  growth 
temperatures  <  450^  C  [8].  The  lowest 
temperature  for  which  RllEED  oscillation  are 
observed  has  not  been  determined.  However, 
the  overgrowth  of  GaAs  (or  AlAs)  proceeds  in 
a  3D  island  growth  mode  due  to  the  poor 
wettability  of  GaAs  on  ErAs.  Based  on  these 
earlier  results  and  our  recent  growth  study,  the 
ErAs  well  and  the  overgrown  layers  were 
grown  at  450OC  and  respectively  in 

this  experiment.  Substrates  with  different 
surface  orientation,  (100),  (511)B,  (311)B 
and  (21 1)B,  were  used  to  examine  tlie  eilects 
of  orientation  on  the  overgrowth  and  transport 


20A  20A 

AlAs  AlAs 


Figure  1.  Sclicinalic  coiiduclioii  band  diagram  of  an 
ErAs  RTD.  The  luUclicd  region  denotes  well  filling. 


The  device  was  formed  by  mesa  etching.  The  bottom  and  top  ohmic  contacts  were 
provided  by  alloyed  Ni/AuGe/Ni/Au  and  uon~alloyedTi/Au,  respectively.  The  devices  weie 
characterized  by  dc  1~V  measurement  at  different  temperatures.  Magnctotunncling 
measurement  at  low  temperatures  (>4.51<:)  was  carried  out  to  study  the  nature  of  the  observed 
resotuiiiL  tunneling. 


111.  Results  and  Discussion 

'fhe  dc  electrical  measurement  of  devices  indicated  negative  differential  resistivity  (^D^)  at 
temperatures  below  150K.  The  1~V  curve  measured  at  12K  for  a  10ml  RTD  grown  on  (31  ip 
substrate  is  shown  in  figure  2.  Typical  of  all  of  the  samples,  the  1-V  curve  is  not  symmetric. 
The  NDR  appeared  only  at  the  forward  bias  (bottom  contact  negative),  even  Uiougli  the 
structure  was  symmetric.  This  is  believed  to  be  due  to  the  difference  in  crystalline  quality 
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Orientation  Dependence 
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Figure  2.  This  typical  l-V  curve  for  an  ErAs  RTD 
shows  NDR  when  the  lop  contact  is  positive. 


between  upper  and  lower  i3rAs/AIAs 
interfaces.  Earlier  work  [1]  pointed  out  that 
the  overgrowtii  of  GaAs  (or  AlAs)  on  ErAs  is 
the  key  issue  to  synthesis  of  this  hybrid 
structure.  The  difficulty  with  the  overgrowth 
arises  mainly  from  the  poor  wettability  of 
GaAs  on  ErAs  and  the  difference  in  symmetry 
of  crystalline  structures  between  ErAs  (NaCl 
structure)  and  GaAs  (zincblende).  It  is  the 
poor  wettability  that  results  in  the  3D  island 
growth  of  GaAs(AlAs)  on  ErAs,  as  strongly 
suggested  by  previous  cross-section  TEM 
studies  of  the  ErAs/GaAs  interfaces  [9J.  A 
spotty  RIIEED  pattern  usually  appears 
immediately  after  tlie  overgrowth  initiates. 

The  wetting  of  GaAs  (or  AlAs)  on 
ErAs  may  be  improved  either  using  a 
surfactant  or  growing  on  the  substrate  with  a 
low  energy  surface.  In  this  experiment, 
differently  oriented  GaAs  substrates,  (100), 
(511)13,  (311)13  and  (211)B,  were  used.  The 
preliminary  results  indicated  that  the 
overgrowth  is  improved  by  growing  on 


(31 1)B,  as  indicated  by  a  streaky  RITEED  pattern  during  the  overgrowth  and  smooth  surface 
morphology.  However,  no  attempt  has  been  made  in  this  paper  to  correlate  the  quality  of 
overgrown  layers  to  tlie  measured  transport  properties  because  of  the  complicated  nature  of 


llie  quantum  mechanical  transport  in  an  ErAs/(Al,  Ga)As  heterostructure. 

Figure  3  shows  the  I~V  curves  measured  at  4-5K  for  devices  grown  on  substrates 
with  different  surface  orientation.  The  tunneling  current  exhibited  a  strong  orientation 


dependence.  This  is  consistent  with  previous  results  [10].  That  is,  the  Schottky  barrier  height 
of  ErAs  on  GaAs  varies  with  the  GaAs  surface  orientation,  decreasing  almost  linearly  from 


(100)  to  (1 1 1)B  oriented  surfaces. 
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Figure  4.  Anoiiuilous  behavior  of  llte  resonant  channel  seems  to  indicate  that  the  tunnel  current 
is  through  conrined  hole  slates  in  the  well. 

Since  ErAs  is  a  seniiinelal,  cillier  quantized  election  or  hole  states  in  the  well  could 
serve  as  a  resonant  channel.  On  tlie  other  hand,  localized  defect  states  at  the  EiAs/AlAs 
interface,  particularly  at  the  overgrown  interface,  could  also  provide  a  channel  for  resonant 
tunneling.  To  clarify  whether  the  resonant  channel  is  a  quantized  state  in  the  ErAs  well  or  a 
localized  defect  state  at  the  interface,  RTDs  with  ErAs  thicknesses  of  5,  10,  and  15  ml  were 
fabiicated  on  (31 1)B  GaAs  substrates.  'I'he  1~V  curves  measured  at  12K  are  shown  in  figure 
4.  They  show  what  seems  to  be  an  anomalous  dependence  on  the  ErAs  well  thickness.  This 
significant  thickness  dependence  implies  that  the  resonant  channel  is  a  quantized  state  in  the 
ErAs  well,  although  this  data  is  not 
sufficient  to  clarify  whether  it  is  an 
electron  or  hole  state.  Since  very 
different  behavior  is  expected  for 
election  and  hole  states  in  a  magnetic 
field  [11],  magneto-tunneling 
measurements  were  made.  As 
described  below,  these  results  make  it 
clear  that  the  resonant  channel  is  a 
quantized  electron  state. 

The  magneto-tunneling 
measurement  was  carried  out  at  a  fixed 
temperature  of  4.5K  while  varying  the 
field  and  at  a  fixed  field  of  8T  while 

varying  the  temperature.  The  external  Figure  5.  Variation  of  the  1~V  diaraclerislic  with  niagnelic 
magnetic  field  (B)  was  parallel  to  the  lields  from  0  (o  8  Tesla. 


ErAs  RTD  at  4,5K 
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clcclroii  (uiiiicling  direction  (i.c.,  giovvlli  dirccUon).  The  measured  1-V  cliaraclerislics  at 
dillcicnl  B  lields  up  to  8  'Icsia  arc  shown  in  ligurc  5.  Plotting  dl/dV  against  V  reveals  that  Uic 
resonant  cliaiinel  starts  splitting  at  a  I'ield  of  ~1.5T,  and  saturates  above  4T,  as  shown  in 
ligure  6.  This  observed  splitting  is  consistent  with  the  known,  large,  Er  4r  exchange 
enhanced,  splitting  of  the  conduction  band  in  ErAs.  Splittings  taken  from  this  data  and  data 
measured  as  a  function  of  temperature  at  B=8T  are  plotted  versus  BAf  in  figure  7.  Except  for 
an  offset  near  the  origin,  this  data  behaves  qualitatively  like  the  Brillouiii  function  expected 


Bias  (V) 


Piguic  6.  Tlie  deduced  dI/dV~V  cm  ve  clearly  shows  a  huge  spliUlng  in  the  resonant  level. 
Opening  up  abruptly  between  1.5  and  2.5  Tesla.  'I'he  splitting  is  nearly  saturated  above  41'. 


Splitting  Fit  to  Brillouia  Function 


Pigure  7.  Fitting  the  splitting  to  the  shape  of  the  Brillouin  function  gives  g=9J  and  12.5  for 
the  field  dependent  data  and  the  teinpcralure  dependent  data  respectively. 
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lor  alignment  and  salualion  ol'  localized  spins  in  a  magnetic  field.  For  the  temperature 
dependent  data  this  offset  may  be  due  to  demagnetization  effects.  The  field  dependent  data  has 
an  additional  offset  that  has  been  determined  to  arise  from  the  necessity  to  overcome  the 
intrinsic  antiferromagnetic  interaction  between  Er  spins. 

Fitting  the  shape  of  this  data  to  the  Brillouin  function,  we  obtain  g=9.1  and  12.5  from 
the  field  data  and  the  temperature  data  respectively.  This  compares  well  with  that  derived  from 
magnetoresistance  measurements  of  g=10.6  [12]  and  from  neutron  scattering  in  ErP  (g=l  1.2) 
and  ErSb  (g=14.0)  [13].  From  the  magnitude  of  the  saturated  level  splitting,  ~40nieV,  we 
estimate  the  exchange  interaction  between  the  4f  electrons  and  the  conduction  electrons  to  be 
r=3.4eV*A3  which  agrees  well  with  that  known  for  Erbium  metal,  r=3.3eV*A3. 


IV.  Suiiiniary 

We  have  found  resonant  tunneling  through  confined  states  in  thin  ErAs  semimetal  quantum 
wells  to  be  robust,  with  NDR  persisting  to  150K.  A  strong  dependence  of  the  background 
current  on  orientation  is  accounted  for  by  variation  ol  the  Schottky  brurier  height,  Ihe  sliength 
of  llie  current  through  the  resonant  channel  also  has  a  strong  orientation  dependence  but  no 
attempt  has  yet  been  made  to  account  for  it  due  to  the  complex  nature  of  the  wavefunction 
matching  at  the  ErAs/GaAs  interface  which  must  occur  for  the  transmitted  electrons.  An 
anomoloLisly  large  splitting  in  a  magnetic  field  is  exhibitted  by  the  resonant  channel  which  has 
been  determined  to  be  through  electron  subbands  in  the  ErAs  quantum  well. 

This  work  is  supported  by  the  ONR,  the  AFOSR  and  the  NFS.  The  authois  gieatly 
appreciate  Art  Gossard,  Herb  Kroemer  and  John  English  for  their  help  which  has  made  it 
possible  to  grow  ErAs  at  UCSB. 
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Hole  charging  effects  in  Sb-based  resonant 
tunneling  structures 


J.N.  Schulman  and  D.H.  Chow 

Hughes  Research  Laboratories,  Malibu,  CA  90265 


Abstract.  The  InAs/AlGaSb  double  barrier  structure  exhibits  normal  conduction  band  resonant 
tunneling  for  high  aluminum  concentrations.  However,  the  presence  of  quantum  wells  for  holes 
in  the  AlGaSb  barrier  layers  for  40%  to  60%  aluminum  concentrations  allows  the  collection  of 
charge  which  has  a  strong  influence  on  the  potential  profile,  and  thus  the  current-voltage 
characteristic.  Here  we  show  results  of  calculations  that  demonstrate  a  strong  voltage 
compression  effect  in  which  the  expected  current- voltage  curve,  including  the  tunneling 
resonance,  is  shifted  to  much  lower  voltages.  We  also  discuss  possible  causes  of  the  current 
controlled  S -shaped  negative  resistance  observed  experimentally. 


1.  Introduction 

The  type-II  band  alignment  found  in  Sb-based  tunnel  structures  is  well  known  to  produce 
unique  tunneling  behavior  due  to  the  proximity  in  energy  of  the  valence  band  maximum  of 
one  component  with  the  conduction  band  minimum  of  another.  This  same  band  proximity 
can  lead  to  situations  in  which  a  significant  amount  of  charge  can  transfer  among  the  layers 
of  the  structure.  By  contrast,  the  InAs/AlGaSb  double  barrier  structure  has  a  band  diagram  in 
which  only  normal  resonant  tunneling  might  be  expected.  Although  it  is  a  Type-II  band 
alignment,  it  has  staggered  offsets  in  which  the  conduction  band  of  any  given  component  is 
above  the  valence  bands  of  the  others  (Figure  1).  Interband  tunneling  is  therefore  not 
expected,  and  it  is  also  not  obvious  whether  charge  transfer  would  take  place.  However, 
experiments  have  shown  unusual  current-voltage  characteristics  which  may  indeed  be 
demonstrating  charging  effects  [1].  It  has  been  conjectured  that  the  charging  that  occurs  is 
mainly  due  to  holes  occupying  the  hole  quantum  well  formed  by  the  AlGaSb  valence  band 
offset  relative  to  InAs.  Although  normally  unoccupied,  a  moderate  applied  bias  pulls  down 
the  collector  InAs  conduction  band  far  enough  to  expose  the  well  and  allow  electrons  to 
tunnel  out  (holes  tunneling  in).  The  dependence  of  this  effect  on  the  Ga  content  (it  goes  away 
for  both  alloy  endpoints)  is  strong  evidence  for  this.  Although  there  is  as  yet  no  explanation 
of  the  anomalous  characteristics  observed,  our  calculations  duplicate  some  aspects  of 
experiment,  especially  a  strong  compression  along  the  voltage  axis. 

2.  Calculation 

The  calculation  was  based  on  a  two-band  tight-binding  model  for  the  tunneling  transmission 
coefficient  [2].  The  emitter  and  collector  band  bending  was  included  by  solving  Poisson's 
equation.  The  calculation  is  done  as  a  function  of  the  internal  voltage  drop  across  the  well 
and  barriers  only,  with  the  band  bending  added  in  separately.  The  two  familiar  effects  of  the 
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Figure  1.  Band  profile  of  InAs/AlGaSb  double  barrier  structure  with  and 
without  inclusion  of  hole  charge  in  AlGaSb  collector  barrier. 


band  bending  are  that  the  emitter  side  accumulation  region  increases  the  charge  density  on 
the  incoming  side,  and  that  the  collector  side  depletion  region  increases  the  voltage  drop 
there.  This  second  aspect  is  the  one  strongly  influenced  by  the  accumulation  of  holes  in  the 
collector  side  AlGaSb  barrier. 

The  charge  due  to  the  resonant  tunneling  electrons  was  calculated,  but  its  electrostatic 
feedback  on  the  potential  profile  was  not  included.  Instead,  focus  was  on  the  charge  in  the 
AlGaSb  hole  well,  which  was  included  self-consistently.  The  main  effect  is  to  supply 
positive  charge  that  reduces  the  electric  field  that  would  otherwise  decay  gradually  into  the 
collector  cladding  region  with  a  length  scale  dependent  on  the  collector  doping.  In  general, 
the  amount  of  charge  in  the  hole  well  increases  as  the  Fermi  level  in  the  collector  is  lowered 
relative  to  the  quantum  confined  hole  level  in  the  barrier.  This  allows  more  and  more  of  the 
exposed  electrons  to  tunnel  out,  but  the  exact  processes  are  unknown  and  may  involve  a 
trade-off  with  other  charge  flowing  in.  For  example,  for  larger  applied  fields  the  triangular 
barrier  formed  next  to  the  AlGaSb  layers  by  the  InAs  well  valence  band  becomes  quite  steep. 
This  allows  the  holes  to  tunnel  out  and  thus  limits  their  accumulation.  For  purposes  of 
estimation  we  ignored  this  extra  current  and  simply  assumed  that  the  Fermi  level  in  the  well 
equaled  that  in  the  collector.  This  is  appropriate  for  smaller  biases,  but  breaks  down  when 
the  fields  become  large. 

3.  Results 

Figure  1  demonstrates  the  effect  of  the  hole  well  charge  by  plotting  the  calculated  potential 
profile  of  the  double  barriers  with  and  without  the  charge  included.  The  plot  is  for  a 
25  monolayer  (ML)  InAs  well  and  6  ML  Alo.5Gao.5Sb  barriers.  The  temperature  is  300  K 
and  the  carrier  concentration  is  lOl’^  cm‘3  on  both  sides.  The  heavy  hole  confinement  energy 
is  estimated  to  be  0.112  eV  relative  to  the  AlGaSb  valence  band  edge.  The  internal  voltage 
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drop  (across  the  double  barriers  only)  is  0.15  V  in  both  cases.  This  compares  to  the  internal 
voltage  at  resonance  which  is  calculated  to  be  0.22  V  for  this  structure.  The  total  voltage 
drop  (Fermi  level  to  Fermi  level)  is  0.39  V  with  the  hole  charge  included,  and  0.90  V  without 
the  charge.  It  can  be  seen  that  the  collector  depletion  layer  voltage  drop  is  greatly  reduced 
with  the  hole  charge  included. 

The  current- voltage  curve  is  correspondingly  compressed  to  smaller  voltages.  Figure  2 
shows  the  room  temperature  current  versus  total  voltage  for  the  same  two  cases.  The  peak 
voltage  is  near  0.5  V,  when  the  charge  is  included.  There  is  one  experimental  comparison 
that  is  available.  Measurements  on  a  standard  InAs/AlSb  double  barrier  diode  with  layer 
thicknesses  of  6/25/6  ML,  50  A  2x1016  cm^  spacers  and  250  A  lO^'^  cm^  cladding  layers 
before  highly  doped  contact  layers  show  a  voltage  at  peak  current  close  to  1.0  volts.  This  is 
to  be  compared  with  an  8/25/8  ML  InAs/Alo.sGao.sSb  device  with  100  A  2x1016  cm^  spacers 
and  500  A  lOl'^  cm^  cladding  layers  which  exhibits  normal  resonant  tunneling.  Its  peak 
voltage  was  measured  to  be  just  0.48  volts,  despite  the  larger  spacer  layers. 

Figure  3  shows  how  the  band  bending  outside  the  barrier  on  the  collector  side  varies  as  a 
function  of  the  internal  voltage  due  to  the  influence  of  the  confined  hole  charge.  The  magni¬ 
tudes  when  the  charge  is  included  are  much  smaller,  tens  of  millivolts  instead  of  the  tenths  of 
volts  which  is  the  case  without  the  charge.  For  small  applied  fields  the  hole  charge  is  not  yet 
built  up  and  the  band  bending  increases  linearly.  As  the  field  increases,  the  holes  screen  the 
collector  field  more  and  more  effectively.  As  mentioned  above,  this  would  be  limited  at  large 
fields  as  the  holes  tunnel  out  through  the  through  the  triangular  InAs  well  potential. 

4.  Conclusion 

Hole  trapping  in  the  AlGaSb  barriers  has  a  strong  effect  on  the  current- voltage  characteris¬ 
tics.  This  is  already  apparent  in  the  voltage  compression  of  the  resonant  tunneling  peak. 
Additional  ingredients  are  needed  to  produce  the  S-shaped  curves  previously  reported  [1]. 


Figure  2.  Current  vs.  voltage  characteristics  of  InAs/AlGaSb  double  barrier 
structure  with  and  without  inclusion  of  hole  charge  in  collector  AlGaSb  barrier. 
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Figure  3.  Collector  side  band  bending  vs.  voltage  drop  across  well  and 
double  only,  for  InAs/AlGaSb  double  structure  including  hole  charge  in 
AlGaSb  collector  barrier. 


There  are  two  other  sources  of  charge  in  this  structure:  the  hole  charge  in  the  emitter  AlGaSb 
barrier,  and  the  charge  due  to  the  electrons  tunneling  through  the  resonance.  The  magnitudes 
of  these  charges  are  all  voltage  dependent  which  in  turn  influences  the  potential  profile.  It 
would  not  be  surprising  if  the  interplay  between  these  charges  produces  novel  multiple 
solutions  for  the  current- voltage  characteristics. 
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Resonant  interband  tunneling  quantum  functional 
device 
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Abstract.  Resonant  interband  tunneling  based  on  InAs/AlSb/GaSb  is  used  to  demonstrate  a 
SRAM  unit  cell  and  a  three  terminal  device.  The  bistability  and  the  switching  principles  for 
SRAM  unit  cell  are  shown  and  several  key  issues  involving  the  applications  of  this  device  are 
also  discussed.  A  planar  three-terminal  Resonant  Interband  Tunneling  Field  Effect  Transistor 
(RITFET)  has  been  fabricated.  It  is  a  resonant  interband  tunnel  diode  (RITD)  combined  with  a 
pseudomorphic  HFET  in  which  the  current  is  controlled  by  a  Schottky  gate.  The  three  terminal 
device  has  current- voltage  characteristics  that  exhibit  pronounced  negative  differential  resistance 
and  a  hard  pinch-off  at  room  temperature,  thus  making  it  a  suitable  candidate  for  the  utilization  of 
quantum  functional  devices  in  low-power  applications. 


1,  Introduction 

In  CMOS  technology,  leakage  current  tunneling  through  the  gate  oxide  and  drain  induced 
barrier  lowering  will  eventually  create  obstacles  to  further  scaling.  An  alternate  technology 
that  can  make  use  of  quantum  effects  to  produce  multifunctionality  will  become  necessary  in 
the  near  future.  We  are  utilizing  interband  resonant  tunneling  in  antimonide-based  devices  to 
develop  devices  having  inceased  functionality.  In  this  way,  one  device  can  replace  many 
conventional  devices  with  the  result  so  that  circuit  functionality  can  be  substantially  increased 
without  additional  interconnect  metalization  or  semiconductor  real  estate. 

The  need  for  high-speed,  high-density  static  RAM’s  (SRAM’s)  for  enhancing  the 
system  performance  of  computers,  microcomputers,  workstations,  terminals,  etc.  is  rapidly 
increasing.  While  significant  improvements  in  SRAM’s  can  be  achieved  by  scaling  device 
dimensions  and  by  cell  layout  innovations  [1],  a  fast,  compact,  scalable  single  device  SRAM 
is  an  attractive  possibility.  Resonant  tunneling  diode  (RTD)  based  SRAM’s  [2]  are  potential 
candidates  for  such  future  generation  memory  devices  when  conventional  devices  reach  the 
scaling  limit  in  the  sub  0.1  qm  regime. 

Three-terminal  quantum  devices  have  been  studied  by  a  number  of  research  groups. 
Some  examples  are  the  Resonant  Hot  Electron  Transistor  [3],  the  Resonant  Tunneling  Bipolar 
Transistor  [4,5],  a  three-terminal  device  using  a  double  barrier  resonant  tunnel  diode  in  which 
the  quantum  well  is  modulated  by  a  p'*'  region  from  the  sides  [6],  a  resonant  interband 
tunneling  transistor  in  which  AlGaAs/GaAs  layers  are  grown  on  the  etched  sidewall  of  a 
GaAs  p^-i-n**"  stack  [7]  in  which  the  gate  potential  controls  a  surface  channel  through  which 
interband  tunneling  occurs,  and  a  resonant  tunneling  transistor  which  combines  a  resonant 
tunneling  diode  and  a  MESFET  [8]. 

We  have  taken  advantage  of  the  superior  peak-to-valley  ratios  (P/V)  in  the  type-II 
InAs/AlSb/GaSb  material  system  [9]  to  fabricate  Resonant  Interband  Tunneling  Diode 
(Rnp)-based  devices.  In  this  paper,  we  report  on  a  single  device  SRAM  and  a  planar  three- 
terminal  Resonant  Interband  Tunneling  Field  Effect  Transistor  (RITFET). 
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2.  Static  Read  Access  Memory  (SRAM) 

When  two  RTD’s  are  connected  in  series  and  biased  appropriately,  the  middle  node  is  bistable 
which  can  be  utilized  for  SRAM  applications.  Although  it  is  straight  forward  to  make  a  single 
memory  cell  with  two  RTD’s,  the  addressing  scheme  must  be  capable  of  utilizing  the  speed 
and  compactness  of  the  RTD’s.  Mori  et  al.  [2]  have  proposed  and  demonstrated  a  scheme  that 
uses  a  tunnel  diode  (TD)  connected  to  the  middle  node  (Fig.  1).  The  tunnel  diode  current  is 
used  to  read  and  write  to  the  memory  cell.  A  large  peak-to-valley  (PA^)  current  ratio  is  crucial 
for  high  density  memory  applications  because  the  standby  power  consumption  is  proporpon^ 
to  the  valley  current  and  the  speed  is  proportional  to  the  peak  current.  Thus,  we  utilized  high 
PA''  ratios  in  the  Resonant  Interband  Tunneling  Diodes  (RITD’s)  to  demonstrate  the  SRAM. 


+Vd  (word1) 


-Vd  (word  2) 


Fig.  1.  Equivalent  circuits  of  RTD  SRAM’s.  Fig.  2.  The  layer  structure  of  an  SRAM  cell  based 

The  cell  is  selected  when  a  differential  voltage  on  RITDs  in  the  InAs/AlSb/GaSb  material  system, 

between  Vd  and  Vin  are  applied. 

the  cross-section  of  an  SRAM  cell  is  shown  in  Fig.  2.  The  epitaxial  layers  are  grown 
on  a  GaAs  substrate  with  a  buffer  layer  containing  a  10-period  GaSb/AlSb  superlattice  for 
smoothing.  The  subsequent  active  layers  are:  n+  (Si,  2x10^^  cm’^)  InAs  (~5000A),  AlSb 
(lOOOA),  n+  InAs  (~3000A),  n-(Si,  2X101^  cm-3)  InAs  (^500A),  undoped  InAs  (lOOA), 
AlSb  (25A),  GaSb  (65A),  AlSb  (25A),  undoped  InAs  (lOOA),  n-  InAs  (500A),  and  n+  InAs 
(2500A). 

To  fabricate  the  SRAM’s,  the  following  procedures  are  used:  The  top  contacts  are 
defined  and  Ni/Ge/Au  ohmic  contacts  are  evaporated  and  lifted  off.  The  RITD  mesa  is 
selectively  etched  into  the  bottom  RITD  InAs  layer.  The  AlSb  tunneling  diode  layer  and  part 
of  the  InAs  layer  is  etched  to  define  and  evaporate  the  bottom  contct  layer,  mesas  are  formed 
and  the  structure  is  passivated  using  Si3Ni4.  Contact  via  holes  are  opened  and  interconnect 

metal  is  evaporated.  n  •  u 

Electron  transport  through  the  resonant  tunneling  diodes  in  our  SRAM  cell  is  by 
interband  tunneling.  At  resonance,  electrons  in  the  InAs  conduction  band  tunnel  through 
valence-band  states  in  the  GaSb.  When  off  resonance,  the  InAs  electrons  are  blocked  by  the 
bandgap  of  GaSb.  Because  of  this  bandgap  blocking,  the  P/V  ratio  is  expected  to  be  much 
larger  than  in  type-I  GaAs/GaAlAs  or  InGaAs/InAlAs  material  systems.  We  have  achieved 
room  temperature  P/V  ratios  as  high  as  30  [9].  Typical  values  range  from  15-25.  Current 
through  the  tunneling  diode  is  used  to  switch  the  bistable  point  in  the  memory  cell.  To  select 
an  individual  cell,  a  differential  voltage  is  applied  to  the  bit  line  and  the  word  lines  of  the  cell. 

The  current-voltage  characteristics  of  two  RITD’s  in  series  are  plotted  in  Fig.  3.  The 
P/V  ratio  in  these  wafers  is  around  18  at  room  temperature.  The  memory  characteristic  of  an 
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SRAM  cell  is  shown  in  Fig.  4.  The  high  and  low  states  are  represented  by  two  voltages 
(+0.14  and  -0.14V)  at  the  middle  node.  Switching  from  one  state  to  the  other  occurs  when 
current  through  the  TD  exceeds  the  peak  current  of  the  RITD.  The  switching  voltages  depend 
on  the  threshold  voltage  of  the  TD.  A  significant  difference  between  the  SRAM  based  on  the 
InAs/AlSb/GaSb  RITD’s  and  the  one  based  on  the  InGaAs/InAlAs  RTD’s  [2]  is  the  output 
voltage  in  the  SRAM  in  the  middle  node.  The  RITD-based  SRAM  uses  lower  DC  bias 
because  of  the  smaller  valley  voltage  (about  half  that  of  an  RTD). 


Fig.  3,  I-V  characteristics  of  two  RITD’s  in 
series  with  the  P/V  ratioof  18  at  300K.  The 
valley  voltage  of  0.3  Volts  determines  the 
operating  point  of  the  SRAM  cell.  Hysteresis 
appeared  between  the  forward  and  reverse  voltage 
scans. 


Fig.  4.  Demonstrated  input-output  characteristics  of 
an  SRAM  cell.  In  this  demonstration,  the  two 
diodes  are  biased  at  ±0. 14V.  The  vertical  axis  is 
middle  node  voltage  Vm. 


We  have  estimated  the  optimal  density  of  the  RITD-based  SRAM’s  and  compared  it  to 
the  currently  most  compact  CMOS  designs  [1].  The  RITD-based  SRAM  can  save  a  factor  of 
two  in  cell  area  and  approximately  a  factor  of  four  when  the  diodes  are  stacked  on  top  of  each 
other.  The  key  parameter  that  needs  to  be  improved  is  the  PfV  current  ratio.  The  stand-by 
power  consumption  is  limited  by  the  valley  current.  The  valley  current  density  in  the  present 
devices  is  in  the  order  of  10  A/cm^  for  a  Ijim^  diode,  a  64  Mbit  SRAM  will  consume 
approximately  6.4  W  at  1  Volt.  To  retain  or  improve  the  access  speed  of  the  SRAM,  a  large 
drive  current  is  necessary.  The  drive  current  is  limited  by  the  peak  current  of  the  RITDs. 
Again,  for  a  diode  size  of  Ipm^  and  a  drive  current  of  1mA,  the  peak  current  density  is  10^ 
A/cm^.  Thus,  depending  on  the  applications,  the  PA''  current  ratio  of  the  RITD  needs  to  be 
improved  by  several  orders  of  magnitude  before  it  can  be  used  in  ULSI  memories. 


3.  Resonant  Interband  Tunneling  FET  (RITFET) 

The  RITFET  consists  of  a  resonant  interband  tunneling  diode  (RITD)  integrated  with  an 
AlGaAsAnGaAs  pseudomorphic  HFET  in  which  the  current  is  controlled  by  a  Schottky  gate. 
This  structure  takes  advantage  of  the  high  peak-to-valley  (PA^)  current  ratios  that  can  be 
achieved  in  an  antimonide-based  RITD  [9]  and  the  excellent  gate  characteristics  and  superior 
modulation  control  of  the  InGaAs  channel  HFET.  The  current-voltage  characteristics  have 
pronounced  negative  differential  resistance  (NDR)  and  a  hard  pinch-off. 
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Fie.  5  shows  the  schematic  cross-section  of  the  device  structure.  The  epitaxial  layers  are 
grown  by  MBE  on  a  semi-insulating  GaAs  substrate.  First,  a  buffer  region  with  a  GaAs/AlAs 
superlattice  is  grown.  The  HFET  portion  of  the  structure,  with  a  pseudomo^hic 
Ino  i5Gao85As  channel  and  a  n+  -GaAs  cap,  is  then  grown.  Next,  a  step-graded  InGaAs 
region  is  grown  to  accomodate  the  lattice  mismatch  between  the  n+  -GaAs  cap  and  the  InAs 
bottom  contact  layer  of  the  RITD.  The  layer  sequence  of  the  RITD  has  been  reported 
previously  [9],  with  the  exception  that  the  double  bamer  region  is  symmetnc  with  a  b.h  nm 
GaSb  quantum  well  and  two  AlSb  barriers  each  2.5  nm  thick. 

Source 


InGaAs 


Buffer 


InAs 

AISb/GaSb/AISb  Double  Barrier 
InAs 

■  Step  graded  InGaAs 


S.l.  Sub 

Fig.  5.  Schematic  cross  section  of  the  Resonant  Interband  Tunneling  FET. 

The  device  fabrication  process  begins  with  the  evaporation  of  source  contact  metal  which 
is  used  as  a  mask  to  etch  into  the  InAs  bottom  contact  layer  of  the  RITD.  The  mesa  isolation 
pattern  is  then  defined  and  the  structure  is  etched  down  to  the  GaAs  in  the  buffer  region.  The 
drain  contact  is  defined  on  the  bottom  InAs  layer  and  evaporated.  The  gate  is  patterned,  and 
the  InAs  bottom  contact  layer  of  the  RITD,  the  InGaAs  step-graded  region  and  the  GaAs  cap 
layer  are  removed  selectively  down  to  the  AlGaAs  layer.  Finally,  Ti/Al  gate  metal  layers  are 
evaporated  and  lifted. 


The  current-voltage  characteristics  of  a  RITD  with  a  diameter  of  44  p.m  are  shown  in 
Fig.6a.  At  room  temperature,  a  peak  current  density.  Ip,  of  1.4  KA/cm^  and  a  PA^  current 
ratio,  In/Iv,  of  18  were  achieved.  No  hysterisis  was  observed  in  these  devices. 

The  Ids-Vds  characteristics  of  the  RITFET  are  shown  in  Fig.  7.  NDR  is  clearly  exhibited 
as  well  as  solid  pinch-off  and  low  output  conductance.  In  RITFETs  the  Schottky  gate 
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modulates  the  potential  on  the  channel  side  of  the  RITD.  The  combination  of  this  potential 
and  the  drain  voltage  will  determine  the  potential  across  the  RITD.  The  PA^  current  ratios 
observed  in  the  RITFET  are  much  lower  than  those  observed  in  the  corresponding  RITDs. 
This  is  because  the  RITD  is  in  series  with  the  InGaAs  channel  of  finite  resistance,  Rch- 
Depending  on  whether  the  applied  bias  on  the  RITFET,  Vds,  is  swept  from  zero  (forward 
direction,  as  in  Fig.  7a)  or  to  zero  (backward  direction,  as  in  Fig.  7b),  the  observed  NDR 
region  will  occur  at  a  higher  voltage,  Vtf,  or  a  lower  voltage,  Vtb. 

Let  us  first  examine  the  forward  direction  case,  as  illustrated  in  Fig.  6b.  The  dashed  curve 
is  the  I-V  characteristic  of  a  RITD.  The  solid  curve  is  the  I-V  characteristic  of  a  RITD  with  an 
additional  extrinsic  series  resistance  analagous  to  the  channel  resistance  of  a  RITFET.  The 
peak  current  of  the  RITFET  is  the  same  as  that  of  the  RITD,  L,  while  the  observed  valley 
current  of  the  RITFET,  Lf,  is  much  higher  than  that  of  the  RITD,  L.  The  onset  voltage  (for 
NDR)  of  the  RITFET  is  given  by 


Fig.  7.  Ids-Vds  characteristics  of  the  RITFET  at  room  temperature.  The  gate  length  is  1.2  pm,  the  device 
width  100  pm,  and  the  first  sweep  corresponds  to  a  gate  voltage  of  +0.6  V.  The  change  in  gate  voltage  was 
-0.3  V/step.  Vds  was  swept  (a)  from  0  V  to  2.0  V,  and  (b)  from  2.0  V  to  0  V. 

Vtf  —  Ip  X  Rdi  +  Ip  X  Rch  =  Vd  +  Ip  X  Rch? 

where  Vd  corresponds  to  the  internal  onset  voltage  of  the  RITD.  Similarly,  assuming  the 
RITD  has  the  same  differential  resistance,  Rdi,  on  both  sides  of  the  NDR  region,  the 
observed  valley  current  of  the  RITFET,  Lf,  can  be  derived  as 

Ivf  =  (Iv  X  Rdi  +  Ip  X  Rch)/(Rdi  +  Rch). 

In  other  words,  when  the  value  of  Rch  is  very  high,  the  observed  PA^  ratio  is  low,  since 
Ivf  ~  Ip.  On  the  other  hand,  when  Rch  «  Rdi,  the  high  intrinsic  PA^  current  ratio  of  the  RITD 
will  appear  in  the  RITFET. 

Fig.  7b  shows  the  Ids-Vds  characteristics  for  a  RITFET  biased  from  2.0  V  to  0  V.  In  this 
case,  the  observed  onset  voltage  Vtb  is  closer  to  the  internal  valley  voltage  Vd  of  the  RITD, 

Vtb  =  Vd  +  ly  X  Rch- 


Although  the  valley  current  of  the  RITFET  is  the  same  as  that  of  the  RITD,  ly,  the  observed 
peak  current  of  the  RITFET,  Ipb,  is  decresed  from  Ip  as  given  by 

Ipb  =  (Ip  X  Rdi  +  ly  X  Rch)/(Rdi  +  Rch). 

The  drain  current  as  a  function  of  the  gate  voltage  is  shown  in  Fig.  8.  The  drain  was  biased 
from  2.0  V  to  1.2  V  in  0.2  V  steps.  The  first  four  sweeps  (2.0  V  to  1.4  V)  showed  clear 
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NDR  while  none  was  observed  for  drain  voltages  below  1.4  V.  The  gate  voltage  was  swept 

from -2.0  V  to  0.8  V  in  Fig.  8a,  and  from  0.8  V  to -2.0  V  in  Fig.  8b. 

It  can  be  seen  that  in  order  to  take  full  advantage  of  the  high  P/V  current  ratios  of  the  RITD 
in  the  RITFET  structures,  the  following  criteria  have  to  be  met.  1)  The  saturation  current  m 
the  channel  has  to  be  larger  than  or  equal  to  the  peak  current  of  the  RITD,  that  is,  Idsat  ^  2) 

The  internal  resistance  of  the  RITD  has  to  be  larger  than  the  channel  resistance,  that  is,  Rdi  > 

Rch* 


Fig.  8.  Ids-Vgs  characteristics  of  the  RITFET  at  room  temperature.  The  drain  voltage  was  steped  from  2.0  V 
to  1.2  V  in  0.2  V  steps,  (a)  Vgs  was  swept  from  -2.0  V  to  0.8  V,  and  (b)  from  0.8  V  to  -2.0  V. 

Summary 

We  have  fabricated  RITD-based  SRAM’s  in  the  InAs/AlSb/GaSb  material  system.  The 
bistability  and  switching  principles  are  demonstrated.  A  planar  three-terminal  Resonant 
Interband  Tunneling  Field  Effect  Transistor  (RITFET)  has  been  fabricated.  The  device  has 
current-voltage  characteristics  that  exhibit  pronounced  negative  differential  resistance  and  a 
hard  pinch-off. 
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Abstract:  AlAs  monolayers  grown  adjacent  to  the  AlSb  barriers  in  InAs/AlSb/GaSb/AISb/InAs 
resonant  interband  tunneling  diodes  have  recently  been  proposed  in  order  to  improve  the  peak-to- 
valley  ratio  of  these  devices.  We  report  the  effects  of  high  magnetic  fields  applied  parallel  and 
perpendicular  to  the  tunnel  current.  Clearly-resolved  oscillatory  behaviour  in  the  I(V) 
characteristics  with  the  magnetic  field  parallel  to  the  tunneling  current  can  be  attributed  to 
resonant  tunneling  via  Landau  level  states  of  the  hole  states  in  the  GaSb  well.  The 
magnetotunneling  data  reveal  much  better  confinement  of  the  hole  states  in  the  GaSb  well  in 
tunneling  structures  with  AlAs-hole-barriers  as  compared  to  devices  with  no  hole  barriers. 


1.  Introduction 

Quantum  mechanical  tunneling  in  semiconductors  and  negative  differential  resistance  (NDR) 
were  first  demonstrated  in  forward  biased  Esaki  diodes  [1].  Later,  due  to  tremendous 
improvements  in  epitaxial  sample  growth,  resonant  tunneling  diodes  (RTD)  based  on  a  variety 
of  III-V  semiconductores  have  been  grown  and  extensively  analysed.  During  the  past  few 
years,  the  nearly  lattice  matched  InAs/GaSb/AlSb  material  system  has  attracted  much  attention 
because  it  offers  a  large  degree  of  flexibility  for  growing  tunneling  devices  that  can  provide 
both  high  speed  and  low  excess  current  operation.  In  particular,  the  type  II  character  of  the 
band  offset  (broken  gap  structure)  and  effective  band-gap  blocking  allows  a  new  class  of 
tunnel  structures  known  as  resonant  interband  tunneling  diode  (RITD),  which  can  be 
considered  as  a  combination  of  a  resonant  tunneling  diode  and  an  Esaki  diode. 

The  InAs/AlSb/GaSb/AlSb/InAs  RITD  is  a  promising  candidate  of  this  new  class  of 
tunnel  structures.  In  these  structures,  resonant  tunneling  occurs  when  the  occupied  electron 
states  in  the  In  As  align  with  the  unoccupied  hole  states  in  the  GaSb  quantum  well.  The 
tunneling  is  blocked  when  the  electron  states  align  with  the  bandgap  of  GaSb,  resulting  in  the 
valley-current.  In  order  to  reduce  the  valley-current  and  to  improve  the  peak-to- valley  current 
ratio,  hole  barriers  have  been  inserted  by  replacing  a  portion  of  the  AlSb  barrier  with  two 
monolayers  of  AlAs  [2].  Negative  differential  resistance  with  peak-to-valley  current  ratios  up 
to  30:1  and  peak  current  densities  in  the  order  of  kA/cm^  have  been  achieved  at  room 
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temperature.  Recently,  resonant  Raman  scattering  experiments  [3]  performed  on  InAs/AlSb 
quantum  wells  with  monolayers  of  AlAs  deposited  at  the  interfaces  have  shown  that  instead 
of  binary  AlAs  interfaces  and  AlSb  barriers,  a  strong  exchange  among  the  As  and  Sb  atoms 
occurs  resulting  in  pseudo-ternary  AlSb,.yAs^  barriers. 

In  this  paper  we  report  on  resonant  magneto-tunneling  experiments  performed  on  two 
series  of  InAs/AlSb/GaSb/AlSb/InAs  RITDs.  One  series  did  not  contain  hole  barriers  whereas 
the  other  one  was  grown  with  AlAs-monolayers  at  the  heterointerfaces. 


2.  Samples 

All  samples  were  grown  on  undoped  GaAs  substrates  in  a  Riber  2300  MBE  system.  Growth 
temperatures  ranged  from  460  to  580°C,  as  measured  by  a  thermocouple  calibrated  to  the 
640°C  GaAs  congruent  sublimation  temparature.  Molecular  beams  of  Sb2  and  As2  were  used, 
the  latter  being  supplied  by  a  valved  cracker  effusion  cell  in  order  to  suppress  the 
unintentional  incorporation  of  As  from  the  As  background  into  the  antimonide  layers  [4,5]. 
Reflection  high-energy  electron  diffraction  (RHEED)  was  used  both  for  the  calibration  of 
growth  rates  and  for  in-situ  surface  monitoring  during  growth.  To  accomodate  the  misfit 
between  the  GaAs  substrate  and  the  GaSb,  InAs  and  AlSb  layers,  a  thick  buffer  layer  was 
grown,  consisting  of  a  100  nm  thick  AlSb  nucleation  layer,  a  1  pm  thick  AlSb  layer  and  a 
10-period  smoothing  superlattice  (2.5  nm  GaSb/  2.5  nm  AlSb)  [4].  ^ 

The  RITD  structure  consists  of  1  pm  of  heavily  Si-doped  InAs  (n  =  lO’^  cm‘^),  50  nm 
of  lightly  Si-doped  InAs  (n  =  10’®  cm'^),  10  nm  InAs,  the  double  barrier  layer  sequence^(5ML 
AlSb,  6.5  nm  GaSb,  8ML  AlSb),  10  nm  InAs,  50  nm  of  lightly  Si-doped  InAs  (n  =  10’®  cm'^) 
and  250  nm  of  heavily  Si-doped  InAs  (n  =  lO’*  cm"').  The  growth  parameters  were  similar 
to  those  reported  in  [2].  In  addition,  a  series  of  RITDs  containing  AlAs  monolayers  adjacent 
to  the  AlSb  barriers  was  grown.  The  structure  of  these  samples  was  the  same  as  above  except 
that  monolayers  of  AlAs  were  grown  before  and  after  the  GaSb  layer  and  before  the  upper 
10  nm  undoped  InAs  layer.  The  AlSb  layer  thicknesses  were  reduced  appropriately  in  order 
to  maintain  the  original  number  of  barrier  monolayers  as  in  the  RITD  structures  without  AlAs 
monolayers. 

Mesa  diodes  were  fabricated  using  contact  photolithography  and  a  standard 
H3P04:H202:H20  wet  etch,  with  the  mesa  dimensions  ranging  from  30x30  pm^  up  to  160x160 
pm^  For  ohmic  contacts  we  used  nonalloyed  Au/Ge/Ni  layers. 


3.  Results  and  discussion 

At  room  temperature  the  smallest  diodes  (30x30  pm^)  showed  the  same  overall  curve  shape 
as  reported  before  [2].  The  best  peak-to-valley  current  ratio  of  about  20:1  at  300  K  was 
achieved  on  a  device  containing  nominally  'AlAs-hole  barriers ,  whereas  samples  without 
'AlAs-hole  barriers'  showed  peak-to-valley  current  ratios  of  less  than  11:1  at  room 
temperature. 

At  4.2  K  peak-to-valley  current  ratios  of  65:1  on  samples  with  hole  barriers  have  been 
found  compared  to  peak-to-valley  current  ratios  of  about  30:1  for  the  best  sample  without 
AlAs  monolayers.  Fig.  la  shows  the  I(V)-characteristic  of  a  30x30  pm^  sample  with  hole 
barriers.  It  is  clearly  seen  that  the  I(V)-characteristic  is  asymmetric.  When  the  device  is 
negatively  biased,  electrons  tunnel  into  the  quantum  well  through  the  thinner  barrier  and 
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Fig.  1a:  l(V)-characteristic  of  a  30x30  RiTD  Fig.  1b;  l(V)-characteristic  of  a  60x60  |jm^  RiTD 
grown  with  AlAs-monolayers.  grown  with  AlAs-monolayers 

tunnel  out  through  the  thicker  barrier,  which  has  a  much  lower  transmission  coefficient.  This 
behaviour  gives  rise  to  an  enhanced  electronic  space  charge  build-up  and  an  intrinsic 
bistability  in  the  I(V)  characteristics  [6].  Under  positive  bias,  on  the  other  hand,  the  charge 
build-up  is  relatively  small,  leading  to  the  observed  asymmetry  between  the  forward  or 
backward  bias  directions.  The  device  had  a  peak-to-valley  current  ratio  of  about  60:1  for 
negative  bias-voltage  and  of  25:1  for  positive  bias-voltage.  In  general,  the  valley  current  for 
positive  bias-voltages  was  much  higher  than  that  for  negative  bias-voltages  for  all  samples. 

Because  of  the  large  current  densities  found  in  the  RITD  structures,  ohmic  heating  due 
to  contact  and  parasitic  series  resistances  completely  alters  the  I(V)-characteristic  on  larger 
mesas.  Fig.  lb  shows  the  I(V)-characteristic  for  a  diode  having  the  same  structure  as  in  Fig. 
la  but  with  a  mesa  of  60x60  pm^.  In  this  case  a  negative  differential  resistance  was  found 
only  for  negative  bias  voltages,  and  showed  no  bistability.  Small  hysteresis  effects  between 
upwards  and  downwards-tracing  curves  have  been  found  to  be  due  to  parasitic  series 
resistances.  The  peak-to-valley  current  ratio  of  the  device  of  Fig.  lb  was  65:1  at  4.2  K.  For 
small  bias-voltages  ( Iv^  I  <  100  mV)  the  magneto-transport  data  did  not  show  any  dependency 
on  the  mesa  area.  Therefore,  magneto-tunneling  experiments  have  been  peformed  on  samples 
with  a  60x60  pm^  mesa. 

The  I(V)  characteristics  are  significantly  modified  in  the  transverse  field  BIJ 
geometry.  In  devices  with  narrow  quantum  wells  the  peak  current  in  the  I(V)-characteristic 
is  shifted  to  higher  voltages  whereas  the  valley-current  remains  mostly  unaffected  (Fig.  2). 
The  increase  of  the  peak  voltage  position  can  be  understood  qualitatively  in  terms  of  an 
increase  in  the  effective  height  of  the  potential  barrier  due  to  a  diamagnetic  term  caused  by 
the  external  magnetic  field. 

Semiclassically,  in  a  magnetic  field  applied  parallel  to  the  x-axis  an  electron  tunneling 
in  the  z  direction  will  have  an  additional  in-plane  wavevector  component  ky'.  For  a  system 
with  approximately  isotropic  and  parabolic  band  structure  it  has  been  shown  that  due  to  the 
k (-conservation  the  additional  voltage  Vg  -  -cAE  that  must  be  applied  to  the  barrier  in  order 
to  offset  the  effect  of  B  and  maintain  a  constant  tunneling  current  is  given  by  Vg  =  P(m*)  B^ 
where  P  depends  on  the  effective  mass  m*  [7,8].  In  the  present  system  the  electrons  are 
tunneling  into  a  complex  hole  band  structure  in  the  GaSb  quantum  well.  By  plotting  the 
voltage  positions  of  the  peaks  in  the  I(V)  characteristics  as  a  function  of  the  in-plane 
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magnetic  fields  in  the  BIJ  configuration. 


magnetic  field  B,  the  form  of  the  in-plane  energy  dispersion  curves  e(k,)  can  be  mapped  out 
[9].  Up  to  5  Tesla  Vg  was  found  to  depend  quadratically  on  the  external  magnetic  field  B. 
This  is  quite  reasonable  because  for  the  devices  investigated  here  a  magnetic  field  of  5  Tesla 
means  that  only  states  very  close  to  the  T-point  are  probed. 


Fig.  3:  1(B)  and  dl/dB-curve  of  a  RITD  in  the  BljJ  configuration  biased  at  =  -5mV 

When  a  quantising  magnetic  field  is  applied  parallel  to  the  tunnel  current  (B!|J)  the 
electron  states  in  the  emitter  and  the  hole  states  in  the  quantum  well  become  quantized  into 
Landau  levels.  Resonant  tunneling  already  takes  place  at  arbitrarily  small  applied  voltages; 
but  due  to  energy  and  momentum  conservation  rules  the  current  decreases  with  increasing 
magnetic  field  superimposed  by  an  oscillating  structure,  periodic  in  1/B  [10].  The  general 
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behaviour  of  the  magnetotunneling  current  and  the  magnetotunneling  oscillations  (  dl/dB  )  in 
the  B  II  J  configuration  are  shown  in  Fig.  3.  The  bias-voltage  was  -5  mV.  When  monitoring 
the  current  in  the  perpendicular  configuration  (B_LJ),  all  oscillations  are  found  to  disappear, 
which  indicates  that  they  are  2D  in  character.  Moreover,  tilted  field  experiments  show  a 
characteristic  frequency  shift,  given  by  Bp  (a)  =  Bp  /  cos(a),  where  Bp  is  the  so  called 
fundamental  field  or  inverse  period  Bp  =  [  A(l/B)  ]  '  and  a  denotes  the  angle  between  the 
external  field  and  the  direction  of  the  tunnel  current.  Due  to  the  heavy  doping  in  the  contact 
layers,  no  two-dimensional  electron  gas  is  formed  in  the  emitter  accumulation  layer,  which 
means  that  the  2D  behaviour  reflects  the  2D  hole  gas  in  the  quantum  well. 


Fig.  4:  FFT-spectrum  of  the  dl/dB{1/B)-curves  of  RlTDs  with  (a)  and 
without  (b)  hole  barriers. 

A  fast  Fourier  transform  analysis  of  the  dl/dB-data  plotted  against  the  inverse  magnetic 
field  1/B  revealed  further  information.  As  shown  in  Fig.  4b  the  Fourier  spectrum  of  the 
dI/dB(l/B)-curve  measured  on  a  RITD  without  AlAs-monolayers  consists  of  a  single  peak 
corresponding  to  the  inverse  period  or  fundamental  field  Bp.  The  first  harmonic  appears  as 
a  small  hump.  This  spectrum  has  been  found  on  all  InAs/AlSb/GaSb/AlSb/InAs  tunnel 
structures  having  no  AlAs-monolayers  incorporated.  In  sharp  contrast,  the  Fourier  spectra  of 
the  tunnel  diodes  grown  with  AlAs-monolayers  and  exhibiting  large  peak-to- valley  current 
ratios  showed  a  double  peak  structure  (Fig.  4a).  The  experimental  data  indicate  that  the 
double  peak  structure  is  strongly  correlated  to  the  confinement  of  the  hole  states  in  the  GaSb 
quantum  well,  although  a  complete  explanation  for  this  behaviour  is  still  lacking.  Strain 
induced  field  effects  may  play  an  important  role  as  well  as  mixing  between  heavy  and  light 
hole  states  [11].  Further  experiments  and  theoretical  calculations  are  necessary  in  order  to 
fully  understand  the  above  behaviour. 
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DC  and  transient  simulation  of  resonant  tunneling 
devices  in  NDR-SPICE 
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Abstract.  Efficient  circuit  simulation  models  for  several  different  resonant  tunneling 
devices  have  been  developed  and  incorporated  into  the  NDR  -  SPICE  circuit  simula¬ 
tor,  The  models  are  table-based,  in  order  to  simplify  the  extraction  of  parameters  from 
device  measurements  or  from  quantum  device  simulation.  In  addition,  new  convergence 
algorithms  have  been  developed  to  overcome  the  numerical  problems  caused  by  table- 
based  models  and  the  negative  differential  resistance  characteristics  of  the  devices.  DC 
and  transient  models  for  RTTs  and  RTDs  have  been  implemented  on  the  basis  of  device 
simulation  and  measurements.  Innovative  circuits  have  been  designed  using  these  models 
and  RTD/HBT  circuits  have  been  built  to  validate  simulation  results. 


1.  Introduction 

New  circuit  simulation  models  for  Resonant  Tunneling  Diodes  (RTDs),  Multiple-peak 
Resonant  Tunneling  Diodes  (MRTDs),  Resonant  Tunneling  Transistors  (RTTs)  and  Res¬ 
onant  tunneling  Hot  Electron  Transistors  (RHETs)  have  been  incorporated  into  the 
NDR  —  SPICE  circuit  simulator  as  internal  models.  While  previous  modeling  efforts 
have  been  based  on  the  macro-modeling  capabilities  of  SPICE,  these  models  are  built-in, 
making  the  simulation  more  efficient  and,  more  importantly,  allowing  the  incorporation 
of  special  convergence  routines  to  overcome  the  numerical  problems  caused  by  piece- wise 
linear  and  negative  differential  resistance  (NDR)  characteristics. 

The  new  RTD  model  has  better  convergence  properties  and  typical  simulations 
with  the  new  RTD  model  are  up  to  five  times  faster  than  simulations  using  previously 
published  external  RTD  models.  It  is  a  piecewise-linear  model  and  the  extraction  of 
model  parameters  from  measured  data  is  very  simple.  The  model  has  been  validated  by 
measurements  on  fabricated  devices  and  by  the  verification  of  circuit  operation  against 
circuit  simulation. 

A  new  state-based  simulation  model  for  MRTDs  has  been  developed  and  imple¬ 
mented.  This  model  accounts  for  the  presence  of  multiple  stable  states  for  given  ranges 
of  the  applied  voltage  and  produces  accurate  results  for  circuits  where  a  macro-model 
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Figure  1.  NDR-SPICE  enhancements  to  the  basic  SPICE  software 


consisting  of  series  connected  RTDs  produces  results  that  are  not  in  accordance  with 
observed  results. 

An  efficient  lookup-table  naodel  with  special  convergence  routines  has  been  devel¬ 
oped  for  RTTs.  The  tables  are  computed  off-line  from  quantum  device  simulations,  where 
the  Schrodinger  and  the  Poisson  equations  are  solved  self-consistently  for  the  device,  to 
provide  the  most  accurate  values  while  avoiding  excessive  run-times  for  circuit  simula¬ 
tion.  The  table-driven  model  is  again  supported  by  convergence  routines  that  force  the 
Newton-Raphson  iterations  of  SPICE  to  converge  exactly  when  the  actual  circuit  would 
converge  to  a  stable  solution.  An  empirical  model  for  RHETs  has  also  been  incorporated 
into  NDR-SPICE.  This  model  is  based  on  observed  RHET  characteristics.  Fig.  1  shows 
how  the  basic  SPICE  software  has  been  enhanced  in  NDR-SPICE. 

The  NDR  -  SPICE  circuit  simulator  has  been  used  successfully  to  design  sev¬ 
eral  circuits  containing  RTDs,  RTTs,  RHETs,  HBTs,  HEMTs,  and  other  conven¬ 
tional  devices.  These  include  conventional  binary  circuits,  analog-digital  converters, 
nanopipelined  logic  [1]  and  multivalued  logic/memory  circuits  [2]  and  simulation  results 
have  been  validated  by  measurements. 


2.  RTD  Modeling 

Accurate  and  computationally  efficient  models  of  RTDs  have  been  developed  and  incor¬ 
porated  into  NDR-SPICE.  In  the  past,  detailed  models  of  RTDs,  involving  the  solution 
of  the  Schrodinger  equation,  have  been  developed  [3].  The  main  drawback  of  these  mod¬ 
els  is  the  excessive  computational  time  required.  When  a  circuit  containing  several  tens 
of  RTDs  has  to  be  simulated,  these  detailed  models  are  not  suitable.  Simple  equivalent 
circuit  models  for  RTDs  have  been  developed  by  various  authors  [4].  These  models  take 
the  form  of  SPICE  subcircuit  or  function  elements.  A  SPICE  subcircuit  for  a  single 
RTD  consists  of  about  10  resistors,  switches  and  volt  age/ current  sources  to  produce  a 
piecewise-linear  approximation  of  the  RTD  characteristic.  Discontinuous  derivatives  in 
the  piecewise-linear  approximation  lead  to  convergence  problems  in  the  simulation  al¬ 
gorithm.  The  new  RTD  model  presented  here  is  a  SPICE  internal  model  replacing  the 
subcircuit  of  10  elements  by  a  single  nonlinear  element.  While  a  piecewise- continuous 
approximation  of  the  RTD  characteristic  is  still  used,  additional  algorithms  have  been 
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added  to  detect  convergence  problems  in  the  simulation  algorithm  and  to  force  conver¬ 
gence  in  cases  where  the  actual  circuit  would  converge. 

2.1.  The  Internal  RTD  Model 

Linearized  constitutive  equations  for  the  RTD  have  been  incorporated  into  the  NDR  — 
SPICE  code  so  that  an  RTD  may,  for  example,  be  specified  as: 


MODEL  RTD  NDR  TYPE==2  IPEAK=35mA  VPEAK=0.7V  IVALLEY=lmA  VVALLEY=0 .75V 

Using  a  Taylor  series  expansion,  the  RTD  may  be  replaced  at  each  Newton-Raphson 
iteration  [5]  by  a  circuit  consisting  of  a  current  source  in  parallel  with  a  conductance  (see 
Fig.  2a).  The  values  of  the  current  source  and  conductance  are  as  shown  below: 


0, 


0  <  U  <  VpEAK 


lo 


I  PEAK  +  h  •  VpEAK ,  VpEAK  <  U  <  Vv  ALLEY 


h  ALLEY  —  C  •  Vv  ALLEY,  V  >  Vy  ALLEY 


(1) 


9 


0  <  U  <  VpEAK 
VpEAK  <  U  <  Vv  ALLEY 


c,  V  >  Vv  ALLEY  ‘ 


(2) 


This  internal  model  results  in  one  call  to  an  RTD  sub-routine  in  each  iteration  in  the 
simulation  loop  [5],  while  the  external  model  results  in  calls  to  current-source,  resistance 
and  switch  sub-routines,  each  of  which  is  of  the  same  complexity  as  the  RTD  sub-routine. 
Hence  the  internal  model  is  more  efficient.  The  internal  model  has  two  other  important 
features:  1)  it  is  general  in  the  sense  that  each  segment  in  the  piecewise  characteristic 
may  be  replaced  by  a  quadratic  or  some  other  differentiable  function  if  required,  as  in 
the  case  of  the  4-peak  RTD  model  described  below,  and  2)  it  can  be  used  to  overcome 
the  inherent  limitations  of  certain  SPICE  algorithms  to  make  the  simulation  converge. 

This  RTD  model  has  been  implemented  in  NDR— SPICE  and  the  piecewise-linear 
characteristics  are  seen  to  be  in  good  agreement  with  measured  characteristics  (see  Fig. 
2b).  The  complete  internal  RTD  model  includes  a  voltage- dependent  capacitance  in 
parallel  with  the  current  source. 

A  multiple-peak  RTD  is  formed  by  connecting  several  single-peak  RTDs  in  series. 
Elementary  analysis  of  the  resulting  circuit  shows  that  it  has  multiple  stable  states  and 
it  acts  as  a  multi-state  memory  element.  A  new  MRTD  model  that  takes  into  account 
this  state  information,  has  been  incorporated  into  NDR-SPICE. 


3.  RTT  Modeling 

The  Bound-State  Resonant  Tunneling  Transistor  [6]  is  a  three-terminal  device  whose 
NDR  characteristics  can  be  controlled  by  the  voltage  applied  to  the  base  terminal.  The 
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Figure  2.  a)  RTD  equivalent  circuit  model  b)  Simulated  characteristics  of  an  RTD  along 
with  measured  values 


Figure  3.  a)  Band  diagram  of  BSRTT;  b)  Collector  current  /c  as  a  function  of  Vce  for 
the  BSRTT  calculated  with  self-consistency  c)  circuit  simulation  model 


I-V  characteristics  of  this  device  were  obtained  by  the  self-consistent  solution  of  the 
Schrodinger  and  the  Poisson  equations  for  various  bias  points.  The  Poisson  equation 
relates  the  electrostatic  potential  to  the  charge  distribution,  in  which  fixed  charge  dis¬ 
tribution  represents  ionized  impurities  (doping  profile  of  the  device)  and  mobile  charge 
distribution  represents  electron  transfer  (space  charge  effects).  Since  the  carrier  density 
responds  to  the  same  electrostatic  potential  it  generates,  we  have  a  self-consistent  prob¬ 
lem  which  entails  simultaneous  solution  of  the  Schrodinger  equation  and  the  Poisson 
equation.  Additional  treatment  must  also  be  considered  for  charge  in  the  quantum  well 
to  account  for  the  quantized  effects.  The  self-consistent  calculations  for  the  device  mod¬ 
els  can  be  divided  into  three  parts  and  are  referred  to  as  the  Thomas-Fermi  calculation 
for  the  self-consistent  potential,  the  quantum-well  calculation  for  space  charge  in  the 
quantum  well(s),  and  the  traveling  wave  calculation  for  current  density.  Readers  are  re¬ 
ferred  to  [7]  for  more  details.  The  calculated  I-V  characteristics  for  a  BSRTT  are  shown 
in  Fig.  3,  along  with  the  circuit  simulation  model.  The  current  source  and  capacitance 
values  are  obtained  from  quantum  simulation,  and  the  entire  model  is  implemented  as  a 
SPICE  internal  model. 

As  in  the  case  of  the  RTD  model,  the  piecewise-linear  table-driven  RTT  model  has 
convergence  problems  due  to  the  discontinuous  derivatives  and  the  NDR  characteristic 
itself.  The  new  convergence  algorithm  keeps  track  of  the  state  of  the  RTT  in  all  previous 
iterations  during  transient  or  DC  analysis  to- determine  when  the  simulation  is  oscillating, 
when  the  simulation  should  be  forced  to  converge,  and  where  the  new  operating  point 
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Figure  4.  RTT  circuit,  load  line,  convergence  problem  and  solution 

c 


Figure  5 .  RHET  equivalent  circuit  and  simulated  characteristics 


should  be.  Fig.  4  shows  a  simple  RTT  circuit,  its  load  line,  and  the  simulation  results 
when  the  supply  voltage  is  first  ramped  up  and  then  ramped  down.  When  the  operating 
point  jumps  from  (1)  to  (2)  on  the  loadline  diagram,  the  simulation  begins  to  oscillate 
around  point  (1)  until  the  convergence  algorithm  forces  the  operating  point  to  (2). 


4.  RHET  Modeling 

An  empirical  model  for  RHETs  has  been  incorporated  into  NDR-SPICE.  The  RHET 
equivalent  circuit  shown  in  Fig.  5  contains  a  nonlinear  current  source  element  to  model 
the  NDR  characteristic  in  the  base-emitter  region,  and  controlled  current  source  and 
transconductance  elements  in  the  collector-base  region  to  simulate  the  RHET  character¬ 
istics. 
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5.  Applications 

Several  different  circuit  applications  have  been  developed  with  the  help  of  the  above 
simulation  models.  Ultrafast,  compact,  self-latching  circuits  using  RTTs  [8]  and  compact 
multiple-valued  logic  circuits  using  a  combination  of  RHETs,  RTDs  and  HBTs  [2]  have 
been  designed  and  simulated  in  NDR-SPICE.  The  RTD-fHBT  circuits  of  [2]  and  self¬ 
latching,  pseudo-bistable  [8]  circuits  using  RTDs  and  HBTs  have  been  built  to  verify  the 
correctness  of  the  simulation. 
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Abstract.  Tunneling  current  through  a  Si-planar-doped  AlAs  barrier  is  studied,  show¬ 
ing  excess  current  through  this  single  barrier,  which  is  not  observed  when  the  barrier  is 
undoped.  The  Al/dV-V  characteristics  indicate  that  the  excess  current  is  due  to  resonant 
tunneling  through  the  zero-dimensional  Si-impurity  states  formed  in  the  AIAs  barrier.  The 
impurity  states  are  probably  related  to  the  X  valley  in  the  AIAs  barrier. 


1.  Introduction 

Compound  semiconductor  heterostructures  have  provided  various  quantum  structures. 
One  of  the  most  promising  is  the  double-barrier  structure  in  which  current  flows  through 
the  resonant  state  confined  vertically.  This  phenomenon  has  shown  its  high  potential 
for  realizing  ultra-fast  [l]  and  new-function  [2,  3]  devices.  Recently,  resonant  tunneling 
through  the  states,  confined  laterally  as  well  as  vertically,  is  attracting  much  interest 
because  lateral  confinement  is  expected  to  exhibit  new  tunneling  features.  In  several 
experimental  studies,  electron-beam  lithography  or  focused-ion-beam  techniques  have 
been  used  to  achieve  lateral  confinement  [4,  5,  6].  In  these  works,  current  oscillations 
corresponding  to  energy  levels  of  the  confined  states  have  been  observed  in  the  I-V 
characteristics.  These  oscillations  were,  however,  rather  small  since  lateral  confinement 
is  not  as  strong  as  vertical  confinement.  This  is  due  to  limitations  in  fabricating  lateral 
structures;  the  lateral  size  which  we  can  control  is  usually  one  order  of  magnitude  larger 
than  the  controllable  vertical  size. 

An  alternative  approach  to  achieving  lateral  confinement  is  to  use  the  spherical 
Coulomb  potential  related  to  an  ionized  impurity.  The  possibility  of  resonant- tunneling 
current  through  the  impurity  states  was  first  suggested  for  a  gated  double-barrier  res¬ 
onant  tunneling  diode  with  an  undoped  well  layer  [7].  This  type  of  resonant-tunneling 
current  was  actually  observed  around  the  onset  of  the  tunneling  current  in  a  double- 
barrier  structure  with  intentionally  doped  Si  impurities  in  its  well  [8].  Because  impurity 
states  are  determined  by  material  properties  and  free  from  lithography-induced  fluctu¬ 
ations,  tunnel  characteristics  reproducibility  is  expected.  In  addition,  we  can  expect 
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to  achieve  high  resonant-tunneling  current  density  by  increasing  the  impurity  density, 
which  is  important  for  application. 

In  this  study,  we  employed  GaAs/AlAs  sm^/e-barrier  structures  in  which  Si  impuri¬ 
ties  were  introduced  into  the  AlAs  barrier  layer.  The  I-V  and  dZ/dV-V  characteristics 
were  observed  at  4.2  K,  showing  excess  current  due  to  tunneling  through  zero-dimensional 
Si-impurity  states  in  the  AlAs  barrier.  This  is  the  first  time  this  has  been  observed  to 
the  best  of  our  knowledge.  These  states  are  probably  related  to  the  X  valley  in  the  AlAs 
barrier. 


2.  Experimental 

Si-planar-doped  GaAs/AlAs  single-barrier  structures  were  grown  on  an  n+-GaAs  sub¬ 
strate  by  molecular  beam  epitaxy  (MBE);  the  details  are  shown  in  Tables  1  and  2.  First, 
we  grew  a  300-nm  n-GaAs  buffer  layer.  This  layer  was  doped  with  5xl0^^-cm~^  Si.  We 
then  grew  a  5-nm  undoped  GaAs  spacer  layer  and  the  AlAs  single-barrier  layer,  either 
3-,  4-  or  5-nm  thick.  The  barrier  was  Si-planar-doped  to  5x10^*^  cm  ^  at  its  center. 
Next,  we  grew  a  1.4-nm  undoped  GaAs  spacer  layer  and  a  270-nm  n-GaAs  layer  with 
5xl0^^-cm-^  Si.  Finally,  a  50-nm  n+-GaAs  layer  with  lxl0^^-cm“^  Si  was  grown  as  a 
cap  layer.  We  also  grew  single-barrier  structures  with  an  undoped  barrier  as  reference 
samples.  The  barrier-layer  thickness  in  the  reference  samples  was  4  and  5  nm. 

The  single- barrier  diodes  were  fabricated  by  conventional  photolithography,  wet 
etching,  and  metallization.  Mesa  structures  were  formed  by  wet  etching  to  make  20  x  20- 


Table  1.  Epitaxial  layer  structure  for  the  Si-planar-doped  single-barrier  diodes. 


Material 

Si  concentration 

Thickness 

(nm) 

GaAs 

1  X  IQi® 

50 

GaAs 

5  X  10^^ 

270 

GaAs 

undoped 

1.4 

AlAs 

Nst 

GaAs 

undoped 

5.0 

GaAs 

5  X  10^^ 

300 

n+-GaAs  substrate 


t  Ns  represents  the  planar-doped  Si  concentration  in  the  barrier  layer  and  Lj  is  the  barrier 
thickness. 

Table  2.  Planar-doped  Si  concentration  in  the  barrier  layer  and  thickness  of  the  barrier 
layer  of  the  single-barrier  diodes. 


Si  concentration  [Ns)  Thickness  (Zj) 
(cm"^)  (nm) 


5  X  10^®  3,  4,  5 

undoped  4,  5 
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diodes.  AuGe/Ni/Ti/Pt/Au  was  deposited  both  on  the  top  of  the  mesa  structures 
and  on  the  back  of  the  wafer,  and  then  annealed  to  form  ohmic  contacts. 

We  measured  the  I-V  and  dl jdV-V  characteristics  of  the  diodes  at  4.2  K.  The 
dl/dV-V  characteristics  were  obtained  by  applying  low-frequency  (a;)  modulation  to  the 
dc  voltage  to  measure  the  cj  component  of  the  current  density  with  lock-in  amplifiers. 


3.  Results  and  Discussion 

The  I-V  characteristics  of  the  single-barrier  diodes  with  a  Si-planar-doped  barrier  and 
the  reference  diodes  with  an  undoped  barrier  are  shown  in  Figure  1  by  solid  and  bro¬ 
ken  lines,  respectively.  For  the  undoped  barrier  samples,  the  current  density  abruptly 
increased  above  230  mV  for  the  4-nm  diode  and  above  180  mV  for  the  5-nm  diode.  This 
is  because  a  considerable  number  of  electrons  in  the  emitter  transfer  to  the  X  valley 
in  the  AlAs  barrier  above  these  voltages  and  tunnel  through  the  X  valley  [9].  For  the 
Si-planar-doped  barrier  samples,  excess  current  was  clearly  observed  between  100  mV 
and  300  mV  for  the  4-nm  diode,  and  between  50  mV  and  250  mV  for  the  5-nm  diode. 
This  shows  that  electrons  in  the  emitter  tunnel  through  additional  paths  in  these  bias- 
voltage  regions.  Impurity  states  formed  by  planar-doped  Si  in  the  AlAs  barrier  must  be 
responsible  for  the  excess  current  because  this  was  not  observed  in  the  undoped  reference 
samples. 

In  the  samples  we  employed,  the  average  distance  between  impurities  is  estimated 
to  be  45  nm,  much  larger  than  the  size  of  the  impurity  state  which  is  roughly  estimated 
at  6  nm  from  the  Bohr  radius  /m*e'^)  in  AlAs.  In  other  words,  the  Si  concen¬ 

tration  is  too  low  to  form  a  two-dimensional  state,  which  is  expected  when  the  donor 
impurity  is  highly  planar-doped  [10].  Therefore,  the  observed  excess  current  possibly 


Figure  1.  I-V  characteristics  of  single-barrier  diodes.  Solid  lines  are  for  the  Si-doped 
samples  and  broken  lines  are  for  the  reference  samples.  Excess  current  in  the  I-V  charac¬ 
teristics  of  the  Si-doped  samples  is  evident  around  200  mV. 
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two-dimensional  state  zero-dimensional  state 


I-V  characteristics 


dl/dV-V  characteristics 


Figure  2.  Schematic  view  of  the  I-V  and  dl/dV-V  characteristics  of  the  tunneling  current 
via  a  two-dimensional  or  zero-dimensional  state.  A  peak  in  the  dl/dV-V  characteristics 
should  be  observed  for  a  zero-dimensional  state,  whereas  a  notch  would  be  observed  for  a 
two-dimensional  state. 


flows  via  zero-dimensional  states  formed  by  ionized  impurities.  According  to  a  theo¬ 
retical  calculation  [11],  the  resonant-tunneling  current  through  a  zero- dimensional  state 
increases  abruptly  when  its  level  coincides  with  the  emitter  Fermi  level  and  gradually 
decreases  until  the  level  coincides  with  the  emitter  band  edge.  This  results  in  the  peak 
in  the  dlldV-V  characteristics  as  seen  in  Figure  2.  In  contrast,  the  current  through  a 
two-dimensional  state  increases  gradually  after  its  level  coincides  with  the  emitter  Fermi 
level  and  decreases  abruptly  when  the  impurity  level  coincides  with  the  emitter  con¬ 
duction  band  edge.  This  results  in  a  notch  in  the  dljdV-V  characteristics.  As  shown 
in  Figure  3,  what  we  observed  in  the  dl jdV-V  characteristics  was  a  peak  instead  of  a 
notch,  which  corresponds  to  excess  current.  This  leads  to  the  conclusion  that  the  excess 
current  observed  in  the  Si-doped  sample  is  resonant-tunneling  current  flowing  through 
zero-dimensional  impurity  states. 

As  shown  in  Figure  1,  the  excess  current  was  found  just  below  the  bias  voltage, 
above  which  the  current  via  the  X  valley  of  the  AlAs  barrier  was  observed  in  the  I- 
V  characteristics  of  the  undoped  reference  samples.  This  suggests  that  the  impurity 
states  are  related  to  the  X  valley.  In  GaAs/AlAs/GaAs  structures,  the  AT-valley  minima 
formed  single  quantum  wells  in  contrast  to  the  F- valley  minima.  If  the  impurity  states  are 
formed  in  this  AlAs  X-valley  well,  their  energy  level  rises  with  decreasing  AlAs  X-valley 
well  width  (Lb)  due  to  stronger  confinement  in  the  GaAs  X-valley  walls.  Therefore, 
we  can  determine  whether  or  not  the  impurity  states  are  related  to  the  X  valley  by 
observing  the  AlAs  layer-thickness  dependence  of  the  peak  voltage  in  the  dljdV-V 
characteristics.  This  dependence  is  illustrated  in  Figure  3.  The  peak  voltage  increases  as 
Lb  decreases,  indicating  that  the  energy  level  of  the  impurity  states  rises  with  decreasing 
barrier  thickness  Lb.  Therefore,  the  impurity  states  are  probably  related  to  the  X  valley, 
as  shown  in  Figure  4.  According  to  the  hydrogen-atom  model,  the  binding  energy  of 
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Figure  3.  Al/dV-V  characteristics  of  single-barrier  diodes.  Solid  lines  are  for  the  Si-doped 
samples  and  broken  lines  are  for  the  reference  samples.  We  found  a  peak  instead  of  a  notch 
corresponding  to  the  observed  excess  current.  It  was  also  observed  that  the  peak  shifted 
to  a  higher  voltage  as  the  barrier  became  thicker. 


the  impurity  state  {m*e^  1^2'K'^e^h^)  related  to  the  bulk-AlAs  X  valley  is  35  meV.  This 
indicates  that  the  peak  voltage  in  the  dlf^V-V  characteristics  is  about  70  mV  lower 
than  the  voltage  at  which  the  current  density  abruptly  increases  due  to  electrons  flowing 


GaAs 


AlAs 

< - ► 


GaAs 


X-valley 

minima 

Resonant 

tunneling 

current 
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via  the  X  valley  in  the  AlAs  barrier.  This  agrees  well  with  our  experimental  results. 


4.  Conclusion 

We  studied  the  I-V  characteristics  of  Si-planar-doped  GaAs/AlAs  single-barrier  struc¬ 
tures,  and  found  excess  current  which  was  not  observed  in  undoped  single-barrier  struc¬ 
tures.  This  excess  current  was  determined  to  be  due  to  resonant  tunneling  through 
zero- dimensional  impurity  states  based  on  a  peak  observed  in  the  dlfdV-V  characteris¬ 
tics.  The  dependence  of  the  peak  voltage  in  the  dljdV-V  characteristics  on  the  barrier 
thickness  indicates  that  the  impurity  states  are  related  to  the  X  valley  in  the  AlAs 
barrier. 
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Abstract.  We  describe  a  quantum  dot  turnstile  device  that  is  based  on  a  double¬ 
barrier  mesoscopic  p-i-n  heterojunction  driven  by  an  alternating  voltage  source.  The 
device  suppresses  the  quantum  fluctuations  usually  associated  with  electron  and  hole 
injection  processes  using  Coulomb  blockade  and  quantum  confinement  effects.  Provided 
that  the  radiative  recombination  takes  place  in  a  short  time-scale,  it  is  possible  to  gener¬ 
ate  heralded  single-photon  states  without  the  need  for  a  high-impedance  current  source. 
Since  the  frequency  of  the  alternating  voltage  source  determines  the  repetition  rate  of 
the  single-photon  states  and  the  magnitude  of  the  junction  current,  the  present  scheme 
promises  high  precision  photon-flux  and  current  standards. 


1  Introduction 

There  is  an  increasing  interest  in  semiconductor  light  emitting  diodes  (LED)  and  lasers 
due  to  their  applications  in  advanced  optical  communication  systems  and  laser  spec¬ 
troscopy.  The  fundamental  noise  arising  from  the  quantum  nature  of  the  generated  op¬ 
tical  fields  is  fast  becoming  a  limiting  factor  in  many  of  these  applications.  The  quantum 
noise  suppression  in  light  generation  is  therefore  interesting  not  only  from  a  conceptual 
but  also  a  practical  point  of  view.  One  of  the  distinguishing  factors  of  semiconductor 
lasers  is  that  they  are  pumped  by  injection  currents,  which  are  not  shot-noise  limited  as 
a  result  of  the  Coulomb  interaction  and  Fermi  exclusion  principle.  In  contrast,  optical 
pumping  used  in  other  practically  significant  laser  sources,  is  a  Poisson  point  process, 
and  the  generated  laser  light  is  in  a  (shot-noise  limited)  coherent  state.  The  realiza¬ 
tion  and  experimental  demonstration  [1]  that  a  const  ant- current  pumped  semiconductor 
laser  generates  a  number-phase  squeezed  state  with  reduced  intensity  noise  has  had  a 
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great  impact,  partly  because  of  the  rather  simple  and  fundamental  nature  of  the  noise- 
suppression  mechanism. 

Here,  we  propose  a  turnstile  device  that  generates  heralded  single-photon  states, 
which  represent  the  ultimate  limit  in  quantum  control  and  intensity  noise  suppression 
in  the  light  generation  process  in  semiconductors.  In  a  heralded  single-photon  stream, 
one  and  only  one  photon  is  generated  (detected)  at  arbitrarily  short  time-intervals,  and 
the  successive  photon  generation  (detection)  events  are  separated  by  a  deterministic 
dwell-time.  The  transition  from  the  macroscopic  squeezing  regime  mentioned  previously 
to  the  strict  regulation  of  the  photon  emission  events  in  heralded  single-photon  states  is 
achieved  by  utilizing  the  Coulomb  blockade  induced  correlations  in  mesoscopic  P-I- 
i  —  1  —  N  hetero junctions. 

In  the  Coulomb  blockade  regime  defined  by  e^/C  >>  kT ,  where  C  and  T  are  the 
junction  capacitance  and  temperature,  respectively,  the  correlations  betweeen  the  suc¬ 
cessive  electrons  (holes)  are  strong  enough  to  suppress  the  randonmess  introduced  by 
thermal  fluctuations.  There  has  been  considerable  interest  in  single  electron  charging 
effects  in  ultrasmall  metal-insulator-metal  tunnel  junctions  [2].  Mesoscopic  semicon¬ 
ductor  quantum  well  and  dot  structures  offer  a  wealth  of  new  phenomena,  as  both 
Coulomb  blockade  and  quantum  confinement  effects  are  simultaneously  important  [3]. 
Until  recently,  both  theoretical  and  experimental  efforts  have  been  focused  on  the  mod¬ 
ification  of  the  current-voltage  characteristics  in  constant-voltage  driven  double-barrier 
n-/-z-/-n  resonant  tunneling  structures. 

We  have  previously  analyzed  the  properties  of  light  generated  by  mesoscopic  P  - 
j  ^  i  ^  I  -  JSl  AlGaAs-GaAs  hetero  junctions.  We  initially  considered  a  constant- 
current  driven  mesoscopic  j^C  fcT)  junction  and  simulated  the  dynamics  using 
a  semiclassical  Monte  Carlo  method,  where  electrons  and  holes  are  treated  as  classical 
particles  subjected  to  quantum  jump  processes  such  as  resonant  tunneling  and  radiative 
recombination.  The  simulation  results  showed  that  the  electron  injection  and  the  single¬ 
photon  generation  times  can  be  regulated  with  an  accuracy  limited  only  by  the  reciprocal 
peak  resonant  tunneling  and  radiative  recombination  rates  [4].  The  requirement  of  high- 
impedance  const  ant -current  operation  however,  is  a  major  limitation  in  the  mesoscopic 
regime  due  to  the  effects  of  the  electromagnetic  environment,  in  which  the  junction  is 
embedded. 

The  ac-voltage  driven  single-photon  turnstile  device  that  we  describe  here  removes 
the  high- impedance  requirement  by  utilizing  Coulomb  blockade  and  quantum  confine¬ 
ment  effects  simultaneously,  for  both  electrons  and  holes  [5].  This  turnstile  device  gener- 
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ates  heralded  single-photon  states,  where  the  deterministic  dwell-time  between  successive 
single-photon  emission  events  is  given  by  the  period  of  the  ac-voltage  source,  and  the 
uncertainty  in  the  photon  emission  times  is  given  (ultimately)  by  the  (much  shorter) 
radiative  recombination  time.  Similar  turnstile  devices  for  single  electrons  have  already 
been  demonstrated  [6,  7]:  More  specifically,  it  has  been  shown  experimentally  that  the 
generated  current  is  to  a  high  degree  determined  by  the  frequency  /  of  the  applied 
source,  through  the  relation  7  =  e/ ,  as  each  ac-voltage  cycle  contributes  to  one  and 
only  one  electron  transfer.  These  single  electron  turnstile  devices  as  well  as  ours,  can 
therefore  be  used  as  a  frequency-based  current  standard. 

2  Turnstile  device 

Figure  1  shows  the  energy  band  diagram  of  the  turnstile  device  that  we  propose:  If  the 
junction  voltage  Vj{t)  is  well  below  the  built-in  potential  [Vu  —  Vj[t)  »  kT),  the 
carrier  transport  in  such  a  structure  takes  place  by  resonant  tunneling  of  electrons  and 
holes  through  the  undoped  7„  and  Ip  —  AlGaAs  barrier  layers,  respectively.  The  injected 
electron-hole  pairs  then  recombine  radiatively  in  the  i~GaAs  layer.  We  assume  that  the 
width  of  the  i  —  GaAs  quantum  well  is  small  enough  that  the  energy  separation  of  the 
quantized  subbands  well  exceed  the  single  electron  (hole)  charging  energy  of  the  GaAs 
Coulomb  island  and  that  resonant  tunneling  into  a  single  conduction  (valence)  subband 
need  to  be  considered.  The  resonant  tunneling  of  an  electron  or  a  hole  is  allowed  only 
when  the  junction  voltage  is  such  that 

Efn  -  ^ftCnx  >  Eres,e  >  ^  ftC^i  {dtCtrOUs)  ,  (1) 

and 

^fp  +  1‘^Cpi  ^  Ere3,h  <  Epy  -f  d  j2Cpi  (holes)  .  (2) 

Here,  Eyes^e  (Eres.h)  is  the  energy  of  the  electron  (hole)  resonant  subband  of  the  i  —  GaAs 
quantum  well  (or  dot);  E^c  and  Epy  are  the  energies  of  the  conduction  and  valence 
bands  in  the  n—  and  p—  type  layers,  respectively;  and,  Ej^  and  Efp  are  the  Fermi 
energies  in  the  corresponding  layers.  Cni  and  Cpi  are  the  capacitances  of  the  -  e 

and  P  —  Ip  -  i  regions,  respectively.  The  energies  in  Eq.  (1-b)  are  determined  by  the 
applied  junction  voltage  Vj(t)  =  K  +  v(t) ,  where  u(t)  =  0  (0  <  t  <  Tac/2)]  and 
v(t)  —  AV  (Tacl^  <  t  <  Tac  =  fa(}  )•  The  impurity  concentrations  on  both  N  and  P 
sides  should  be  small  enough  that  Ef^  -  Kc  ^  e^/Cni  and  Epy  -  Efp  ~  e^lCpi ,  since 
we  want  to  be  able  to  turn  the  tunneling  of  a  particular  carrier  on  and  off  by  applying 
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a  voltage  pulse  whose  magnitude  is  on  the  order  of  (but  larger  than)  the  single-charge 
charging  energy. 


Figure  1;  The  energy-band  diagram  of  the  p-ip-i-  in  -  n  AlGaAs  -  GaAs  heteroj  unction, 
with  (a)  and  without  (b)  the  applied  voltage  pulse.  For  Vj  =  Vo  {Vj  =  K  +  AF),  the  Fermi- 
energy  of  the  N  (P)  type  AlGaAs  layer  is  at  least  e^l2Cni  (e^l^Cpi)  higher  (lower)  than  the 
energy  of  the  quantum- well  electron  (hole)  subband. 

The  dc-bias  voltage  (K)  is  chosen  so  that  the  electron  tunneling  is  resonantly  en¬ 
hanced  when  v{t)  =  0.  The  applied  square  voltage  pulses  (u(0  =  AV)  enable  the 
resonant  hole  tunneling,  while  blocking  electron  tunneling  due  to  the  second  inequality 
in  Eq.  (1),  i.e.  by  quantum  confinement.  A  second  tunneling  event  of  the  same  car¬ 
rier  during  the  time  interval  where  the  junction  voltage  remains  unchanged  is  blocked 
by  Coulomb  blockade.  Therefore,  only  one  electron  and  one  hole  can  tunnel  into  the 
i  —  QaAs  layer  within  a  single  cycle  of  the  applied  ac-voltage.  Assuming  that  the  radia¬ 
tive  recombination  occurs  in  a  time-scale  short  compared  to  the  period  of  the  ac-voltage, 
a  single  photon  is  generated  in  each  cycle  with  a  probability  approaching  unity.  The 
emission  of  heralded  single-photons  into  a  single  direction  requires  in  addition,  that  the 
heterostructure  be  embedded  in  a  micropost-cavity  or  photonic  band-gap  structure. 
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Figure  2  shows  a  semiclassical  Monte  Carlo  simulation  of  the  turnstile  device  op¬ 
eration.  The  period  of  the  ac-voltage  is  chosen  such  that  both  the  electron  and  hole 
tunneling  occurs  with  very  high  probability  during  the  time-intervals  in  which  they  are 
allowed.  The  photon  emission  events  follow  the  hole  tunneling  in  a  very  short  time 
interval. 


time  (normalized  to  T^c) 

Figure  2:  The  junction  voltage  as  a  function  of  time  shown  together  with  the  accompanying 
photon  emission  events  (denoted  by  ‘-f’).  The  voltage  spikes  correspond  to  electron  or  hole 
tunneling  events. 


The  spectrum  of  the  generated  photon  stream  exhibits  a  squeezed  background  noise 
extending  to  'niin\rty,nn,h’,^rad\j‘^'^ ,  together  with  nonstochastic  peaks  at  integer  multi¬ 
ples  of  fac,  indicating  regulation  with  the  clock  of  the  ac-voltage  source.  Prior  to  this 
work,  the  squeezed  background  noise  was  predicted  and  demonstrated  only  for  p  —  n 
junctions  driven  by  a  high-impedance  const  ant- current  source  [4],  The  second-order 
correlation  function  of  the  photon  stream  obtained  by  inverse  Fourier  transforming  the 
spectrum,  exhibits  peaks  at  integer  multiples  of  T^c  with  negligible  amplitude  in  between 


884 


the  peaks  [4],  Physically,  this  indicates  that  following  a  photon  emission  event  at  t  =  0, 
the  probability  of  emitting  others  at  the  integer  multiples  of  is  enhanced,  whereas  m 
between,  it  is  strongly  suppressed.  The  generated  light  field  has  accurate  information  on 
the  photon  emission  times:  In  contrast,  each  photo-emission  time  is  almost  completely 
random  for  a  photon-number  or  number-phase  squeezed  state  [1]. 


3  Conclusion 

If  realized,  the  work  proposed  here  could  start  a  new  subfield  of  quantum  optics  and 
mesoscopic  physics,  namely  single  photonics.  The  control  of  single-electron  to  single- 
photon  (and  vice-versa)  conversion  processes  could  have  important  applications  in  op- 
toelectronics  and  optical  communication  systems. 

From  a  practical  perspective,  reliable  information  encoding  at  the  single-photon 
level  is  very  attractive  since  it  represents  one  of  the  fundamental  limits  in  information 
transfer.  In  an  ideal  single-photon  turnstile  device,  every  full  ac- voltage  cycle  generates 
one  and  only  one  photon  and  the  successive  cycles  are  completely  independent.  It  is 
therefore  possible  to  modulate  the  applied  voltage  pulses  such  that  every  bit  of  electrical 
information  can  be  encoded:  Presence  or  absence  of  a  photon  in  a  given  time-window 
corresponds  to  the  information  in  the  voltage  pulse. 


References 

[1]  W.  H.  Richardson,  S.  Machida,  and  Y.  Yamamoto,  Phys.  Rev.  Lett.  66,  2867-2870 
(1991). 

[2]  D.  V.  Averin  and  K.  K.  Likharev,  J.  Low  Temp.  Phys.  62,  345-373  (1986). 

[3]  A.  Groshev,  Phys.  Rev.  B  42,  5895-5898  (1990);  C.  W.  J.  Beenakker,  Phys.  Rev. 
B  44,  1646-1656  (1991);  P.  Gueret,  N.  Blanc,  R.  Germann,  and  H.  Rothuizen, 
Phys.  Rev.  Lett.  68,  1896-1899  (1992). 

[4]  A.  Imamoglu,  Y.  Yamamoto,  and  P.  Solomon,  Phys.  Rev.  B  46,  9555-9563 
(1992);  A.  Imamoglu  and  Y.  Yamamoto,  Phys.  Rev.  B  46,  15982-15991  (1992); 
A.  Imamoglu  and  Y.  Yamamoto,  Phys.  Rev.  Lett.  70,  3327-3330  (1993). 

[5]  A.  Imamoglu  and  Y.  Yamamoto,  Phys.  Rev.  Lett.  72,  210-213  (1994). 


i 


Inst.  Phys.  Conf.  Ser.  No  141:  Chapter  9 

Paper  presented  at  Int.  Symp.  Compound  Semicond.,  San  Diego,  18-22  September  1994 


Overview  and  Status  of  the  Quantum  Functional  Devices 
Project 


Shigeo  Okayama,  Ichiro  Ishida,  Nobuo  Aoi,  and  Shuku  Maeda 

Research  &  Development  Association  for  Future  Electron  Devices 
Fukide  Building  No.2,  4-1-21  Toranomon,  Minato-ku,  Tokyo  105,  Japan 

Abstract.  The  Quantum  Functional  Devices  (QFD)  Project  is  being  carried  out  under  the 
Industrial  Science  and  Technology  Frontier  (ISTF)  Program  of  the  Ministry  of 
International  Trade  and  Industry  (MITI)  in  Japan.  The  QFD  project  started  in  fiscal  year 
1991  as  a  ten-year  project  to  establish  basic  technologies  for  microelectronics  devices 
with  low  power  consumption,  high  speed  operation,  and  multifunctions  by  controlling 
quantum  effects.  Six  companies  including  an  American  company  are  joining  this  project 
through  the  Research  &  Development  Association  for  Future  Electron  Devices  (FED). 


1.  Introduction 

The  rapid  progress  of  semiconductor  integrated  circuit  (IC)  technology  has  brought 
great  success  to  the  field  of  microelectronics  which  is  playing  an  important  role  as  a 
first  priority  of  infrastructure  systems. 

The  strong  demand  for  smaller  and  faster  information  processing  systems  with  lower 
power  consumption  has  been  boundless  and  has  driven  the  research  and  development  of 
new  devices  and  their  concepts  down  to  a  mesoscopic  realm,  and  will  reach  a  single 
electron  level  ultimately.  The  presence  or  absence  of  individual  electrons,  as  well  as 
their  behavior,  becomes  significant  for  devices  spanning  only  tens  or  hundreds  of 
nanometers  comparable  to  several  kinds  of  characteristic  lengths  (wavelength,  coherent 
length,  mean  free  path,  etc.)  of  electrons  with  low  dimensional  structures.  At  this  point, 
new  operation  principles  based  on  quantum  effects  are  urgently  required  for  advanced 
devices. 

The  QFD  project  aims  at  establishment  of  basic  technologies  for  developing  such 
innovative  microelectronic  devices  which  operate  by  controlling  quantum  phenomena  at 
practical  temperatures  and  can  be  integrated  with  low  power  consumption,  high  speed 
operation,  and  multifunctions. 
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This  project  started  in  fiscal  year  1991  after  the  completion  of  two  earlier  projects 
"Superlattice  Devices"  and  "Three  Dimensional  Integrated  Circuits". 

This  paper  describes  organization,  schedule,  and  outline  of  the  QFD  project  and 
proposed  QFDs  in  this  project. 

2.  Organization 

The  Agency  of  Industrial  Science  and  Technology  (AIST)  of  MITI  assigned  the 
Electrotechnical  Laboratory  (ETL;  national  laboratory)  and  FED  as  the  research  and 
development  (R&D)  organizations  for  the  QFD  project.  FED  is  under  contract  with  the 
New  Energy  and  Industrial  Technology  Development  Organization  (NEDO)  for 
promotion  of  this  project.  The  QFD  project  budget  is  about  seven  hundred  million  yen 
for  fiscal  1994. 

FED  subcontracted  with  six  companies  (NEC  Corp.,  Motorola  Inc.,  Matsushita 
Electric  Industrial  Co.  Ltd.,  Fujitsu  Ltd.,  Sony  Corp.,  and  Hitachi,  Ltd.)  for  six 
subthemes  and  three  universities  (The  University  of  Tokyo,  Osaka  University,  and 
Kyushu  University).  The  subthemes  are  introduced  respectively  in  section  4. 

FED  has  organized  two  technical  committees,  "Investigation  and  Survey 
Committee"  and  "Technology  Prediction  Committee,"  to  promote  this  project 
aggressively.  The  former  committee  handles  the  latest  R&D  results  and  strategies  of  the 
QFD  project  with  researchers  of  the  subcontracted  companies,  ETL,  and  the  three 
universities.  The  trend  of  quantum  electronics  and  related  fields  are  surveyed  in  the 
latter  committee  organized  by  researchers  of  fourteen  FED  member  companies,  ETL, 
and  five  universities.  Furthermore,  MITI  has  organized  "Promotion  Committee"  and 
"Evaluation  Committee"  to  set  R&D  targets  and  evaluate  results  of  the  QFD  project. 

FED  has  surveyed  worldwide  research  activities  on  quantum  function  devices  with 
the  help  of  distinguished  foreign  researchers.  They  attend  the  "Investigation  and  Survey 
Committee"  meeting  once  a  year  as  advisors. 

3.  Schedule 

The  QFD  project  is  divided  into  three  phases,  i.e.,  Phase  1  (1991-1994),  Phase  2 
(1995-1997),  and  Phase  3  (1998-2000).  During  Phase  1,  basic  structures  of  the 
devices  proposed  in  the  subthemes  are  being  defined  and  basic  technologies  for  design, 
fabrication,  and  characterization  of  device  elements  are  being  developed.  In  Phase  2, 
prototype  devices  will  be  fabricated  and  their  performances  evaluated.  Technological 
means  for  integration  of  the  device  elements  will  also  be  investigated.  During  Phase  3, 
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device  performance  such  as  operation  speed,  dissipation  power,  operation  margin,  and 
operating  temperature  will  be  advanced  and  integration  technologies  developed. 

Progress  of  the  R&D  on  each  subtheme  has  to  be  evaluated  according  to  flexible 
long-term  targets  even  if  some  research  results  do  not  fit  short-term  targets.  Any  kind 
of  research  related  to  quantum  effects  including  some  possible  device  applications  can 
be  studied  in  the  Phase  1  of  this  project.  In  the  Phase  2,  however,  there  are  any 
possibilities  that  the  current  subthemes  are  selected  and/or  new  subthemes  are  adopted 
from  the  view  point  of  device  feasibility. 

4.  QFDs  of  the  six  subthemes 

4J.  Tunneling -control  functional  device  (NEC  Corp.) 

A  three-terminal  tunnel  device,  named  surface  tunnel  transistor  (STT),  has  been  studied 
by  NEC  Corp.  Figure  1  shows  a  device  image  of  the  STT.  The  STT  has  an  n+/i/p+ 
diode  structure  including  highly  degenerate  regions  with  an  insulated  gate  over  the  i- 
region.  The  interband  tunnel  current  between  the  source  and  drain  is  controlled  by  a 
gate  voltage.  The  gate  voltage  induces  a  two-dimensional  electron  gas  (2DEG)  at  the 
surface  of  the  i-region.  The  width  of  the  tunnel  barrier  depends  on  the  gate  voltage. 
Therefore,  the  gate  voltage  modulates  the  tunnel  current  between  the  2DEG  and  the 
p+-region.  Their  two-dimensional  device-analysis  shows  that  shrinkage  of  the  gate 
length  even  to  a  few-ten  nanometers  does  not  affect  the  shape  of  the  tunneling  barrier 
in  the  vicinity  of  a  drain  region.  Negative  differential  resistance  characteristics  of  the 
STT  were  controlled  at  room  temperature.  The  current  density  and  peak-to-valley 
(P/V)  current  ratio  were  enlarged  by  an  n+  channel  inserted  layer  between  a  gate 
insulation  layer  and  the  i-region  with  an  advanced  interface-cleaning  technique  in 
MBE  regrowth  process. 

4.2.  Quantized -band -coupling  multi-functional  device  (Motorola  Inc.) 

Motorola  Inc.  is  studying  a  quantum  multi-function  transistor  (QMT)  as  one  candidate 
of  Quantized-band-coupling  multi-function  device.  The  device  image  of  the  QMT  is 
shown  in  Fig. 2.  Two  channels  coupled  by  resonant  tunneling  effects  occurring  between 
their  quantum  wells  are  stacked  with  multilayered  structures.  An  InAs/GaSb/AlSb 
material  system  is  chosen  to  obtain  high  P/V  current  ratios.  The  upper  channel  acts  as  a 
gate  for  the  lower  channel.  They  established  a  baseline  epitaxial  growth  capability  for 
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antimonides  and  demonstrated  the  state  of  the  art  of  a  double  barrier  type  II  resonant 
interband  tunneling  diode  (RITD)  using  MBE  system.  The  P/V  current  ratio  was 
improved  from  15  to  30  (at  room  temperature)  by  inserting  two  monolayers  of  AlAs 
between  the  GaSb  and  InAs  layers  as  hole  barriers. 

4.3.  Resonant  electron -transfer  device  (Matsushita  Electric  Industrial  Co.  Ltd.) 

Figure  3  shows  one  unit  structure  of  the  Resonant  electron-transfer  device  which 
consists  of  silicon  quantum  wires  and  silicon  quantum  dots.  They  are  coupled  with  each 
other  through  a  tunneling  barrier  of  a  silicon  oxide  insertion  layer.  High-speed 
electrons  are  transferred  in  the  quantum  wires  and  dots.  Matsushita  Electric  fabricated 
the  silicon  quantum  wires  with  a  minimum  width  of  10  nm  with  a  surface  smoothness 
of  about  3  nm  using  an  anisotropic  etching  technique.  Current  oscillation  in  the  wires 
due  to  one-dimensional  structures  was  observed.  Quantum  dots  with  a  size  of  40  nm 
and  silicon  oxide  double-barrier  structures  were  also  fabricated. 


4.4.  Quantized  energy  level  memory  device  (Fujitsu  Ltd.) 

Ultrafine  structure  memory  cells  have  been  studied  by  Fujitsu.  A  static  random  access 
memory  (SRAM)  cell  using  a  double-emitter  resonant-  tunneling  hot  electron 
transistor  (RHET)  was  fabricated  experimentally  by  conventional  technology  and 
performance  of  the  cell  operation  in  a  2  X  2  cell  array  was  confirmed  .  A  cross 
sectional  structure  of  a  one-bit  cell  is  shown  in  Fig.4.  The  cell  size  can  be  shrunk  to 
0.2  fJLmX  0.3  IJi  m  finally  by  developing  an  epitaxial  growth  technique  for 
semiconductors  on  metals.  A  schematic  image  of  a  4  X  2  cell  array  is  shown  in  Fig.5. 
Fujitsu  clarified  that  a  multi-emitter  RHET  (MERHET)  has  a  logic  function  itself. 

Using  MERHETs  for  peripheral  circuits,  Gigabit-plus  memory  systems  can  be  realized. 


4.5.  Coupled  quantum  dots  device  (Sony  Corp.) 

Sony  has  investigated  the  coupled  quantum  dots  system  (CQDS)  consisting  of  quantum 
dots  distributed  in  an  array  on  a  substrate  as  shown  in  Fig. 6.  Because  the  strength  of 
quantum  wave  coupling  between  dots  depends  on  their  space,  it  is  expected  that  the 
dynamics  of  the  electrons  in  the  CQDS  will  exhibit  features  corresponding  to  the 
configurations  of  the  dots.  A  single  electron  tunneling  between  two  dots  controls  the 


states  of  two  dots.  Patterns  of  electron  distribution  in  the  CQDS  can  find  possible 
application  in  information  processing.  Statistical  properties  of  the  CQDS  were 
calculated  theoretically.  An  interface  technology  and  an  architecture  suitable  for  the 
CQDS  are  major  issues  to  be  considered. 

4. 6.  Quantum -wave  structure  functional  device  (Hitachi,  Ltd. ) 

A  Quantum-wave  structure  functional  device  has  been  studied  by  Hitachi.  Phase 
modulation  of  a  quantum  wave  such  as  polaritons  (coexisting  wave  of  electrons,  holes, 
and  photons)  controlled  by  an  electric  field  is  utilized  in  this  device.  Multi-quantum 
wire  waveguides  with  control  gates  are  formed  on  a  substrate  as  shown  in  Fig. 7.  This 
device  processes  a  large  number  of  information  channels  simultaneously  in  an  ultra 
high-speed  such  as  a  massive  parallel  processing  device.  GaAs  and  InAs  crystal 
whiskers  were  studied  first  for  quantum  wires  as  shown  in  Fig. 8.  The  size  of  the  crystal 
whisker  is  controlled  by  of  crystal  growth  conditions.  Crystals  grow  from  Au  particles 
seeded  on  a  substrate.  The  direction  of  whisker  growth  depends  on  the  crystal  direction 
on  the  substrate’s  surface.  Hitachi  has  also  studied  quantum  wires  growing  laterally 
because  a  lateral  structure  of  quantum  wires  is  preferable  to  a  perpendicular  structure 
for  the  device  application. 

5.  Summary 

The  significance  of  the  QFD  project  has  become  more  obvious  recently  due  to  the 
recession  and  also  to  the  trend  of  recognizing  the  importance  of  fundamental  research. 
Activities  of  this  challenging  project  cover  far-reaching  fields  of  microelectronics 
based  on  quantum  effects,  from  theory  to  experiment,  from  design  to  fabrication,  and 
from  materials  to  systems.  The  QFD  project  mission  is  not  only  theoretical  and 
experimental  research  but  also  application  research  for  devices  using  quantum  effects. 
At  this  point,  intense  exchange  of  information  among  different  disciplines  is  needed  to 
identify  practical  uses  for  quantum  effects. 

This  project  has  been  promoted  in  cooperation  with  many  foreign  researchers  and  an 
American  company  as  well  as  Japanese  researchers.  We  aim  to  make  every  effort  to 
pursue  the  internationalization  of  the  QFD  project  systems. 


Fig.l.  Schematic  view  of  the  STT  with  band 
diagram  of  the  PN  junction  between  2DEG 


and  the  drain. 


Fig.2.  The  Resonant  Interband  Tunnel  Multi- 
Emitter  HeterostructureTransistor  with  AlSb 
barriers,  GaSb  quantum  well  and  InGaAs  channel. 
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Fig.4.  The  Double-emitter  RHET  with 
onductionband  diagram  for  one  bit 
memory  cell.  a  quantum  dot 
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Fig.5.  4X2  memory  cell  array  for  the  Gigabit- 
plus  SRAM. 
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Fig.6.  Schematic  view  of  the  CQDS. 


Fig.7.  Device  image  of  the  Quantum  Wave 
Structure  Functional  Device. 


Fig.  8.  SEM  image  of  the  crystal  whiskers. 
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Overview  and  Status  of  the  European  Framework/ESPRIT  programmes 
Steven  P.  Beaumont 

Nanoelectronics  Research  Centre,  Department  of  Electronics  and  Electrical 
Engineering,  University  of  Glasgow,  Glasgow  G12  8QQ,  Scotland,  UK 

Abstract.  The  funding  of  nanostructure  research  by  the  European  Union  is 
discussed  from  the  point  of  view  of  present  arrangements  and  future  plans. 

1.  Introduction 


This  contribution  is  written  from  the  perspective  of  a  participant  in  European  Union  (EU) 
nanostructure  research  and  development  activities  and  is  based  on  my  own  knowledge  and 
experience:  it  is  not  an  official  pronouncement  from  Brussels.  With  this  proviso  I  plan  to 
describe  the  present  state  of  EU  funding  for  nanostructure  research  and  indicate  what  might 
happen  in  future,  trying  to  explain  how  and  why  the  European  situation  differs  from  Japan 
and  the  USA. 

The  EU  (hitherto  the  European  Community  or  EC)  has  no  counterpart  to  the  focused 
programmes  concerned  with  nanoelectronics  and  nanophotonics  described  in  the  companion 
papers  in  this  session:  by  which  I  mean  there  is  no  budget'  for  nanostructure  research  as  such. 
That  is  not  to  say,  however,  that  such  programmes  do  not  exist  within  the  nations  making  up 
the  EU:  in  the  UK,  for  example,  the  now-completed  Low  Dimensional  Structures  and 
Devices  Initiative  of  the  Science  and  Engineering  Research  Council  made  a  considerable 
investment  in  this  area.  Indeed,  the  objectives  and  funding  rules  for  EU  projects  are 
predicated  on  nationally-funded  research.  EU  funding  is  intended  to  support  research  which 
requires  a  trans-national  approach,  perhaps  because  facilities  and  know-how  are  unavailable 
in  a  single  country.  This  concept  of  subsidiarity,  now  enshrined  in  the  Maastricht  treaty,  is 
likely  to  be  applied  even  more  stringently  in  future.  Therefore,  the  EU  provides  largely 
marginal  funding  to  support  labour,  consumables  and  travel  between  members  of  consortia  to 
make  use  of  resources  and  expertise  at  different  sites:  the  capital  equipment  needed  for  most 
nanostructure  research,  whether  for  growth,  fabrication  or  characterisation,  is  in  almost  all 
cases  assumed  to  exist,  having  been  funded  at  the  national  level. 

Most  of  the  current  EU  support  for  nanostructure  research  has  come  from  the  programme 
known  as  ESPRIT.  Its  objective  is  to  enhance  the  EU's  competitiveness  in  Information 
Technology.  Most  of  the  research  is  'pre-competitive'  and  is  carried  out  by  consortia 
comprised  largely  of  industrial  partners.  Recognising  the  need  to  support  somewhat  longer- 
term  research,  but  nevertheless  with  IT  relevance  as  a  selection  criterion,  ESPRIT  Basic 
Rese2U'ch  Actions  were  established.  It  is  from  the  Basic  Research  programme  that  most 
nanostructure  projects  have  been  supported. 

Support  at  a  lower  level  has  also  come  from  the  EU  Human  Capital  and  Mobility  programme 
(HCM).  This  is  intended  to  promote  training,  access  to  specialist  resources  and  die  dispersal 
of  skills  in  short  supply  around  the  countries  of  the  Union.  Research  training  is  at 
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Project 

Status* 

Topics 

MONOFAST 

C 

Use  of  nanotechnology  in  yield-predictable,  right-first-time 
MMIC  fabrication 

NANSDEV, 

LATMIC 

C 

Quantum  transport,  nanostructure  spectroscopy  and 
nanofabrication 

NANOFET 

c 

Ultimate  miniaturisation  of  HEMTs 

LATMIC  II 

p 

Quantum  transport  and  single  electronics  in  semiconductors 

NANOPT 

p 

Fabrication  and  characterisation  of  quantum  wires  and  dots  for 
optical  device  applications 

SETRON 

p 

Single  electron  systems  in  metals  and  semiconductors 

SOLDES 

p 

Self  organised  growtti  of  quantum  dots  using  zeolites  and 
precipitation  techniques 

PARTNER 

p 

Resonant  tunneling  devices  for  optical  applications 

PRONANO 

p 

Ultimate  nanofabrication  by  probe  techniques,  including  STM 

Table  1:  Past  and  present  projects  in  Nanoelectronics  and  Nano-optics 
(*  C  =  completed  P  =  in  progress) 


postdoctoral  level  and  the  project  cannot  be  undertaken  in  the  student’s  home  country.  Some 
projects  involve  research  in  nanostructures,  but  proposals  are  submitted  on  an  ad-hoc  basis 
without  co-ordination. 

2.  Support  for  nanostructure  research  under  ESPRIT 


ESPRIT  Basic  Research  provides  three  types  of  support,  all  of  which  are  represented  within 
the  nanostructures  discipline.  They  are: 

Projects  or  Actions.  Consortia  (generally  with  four  or  more  partners)  are  contracted  to  carry 
out  a  specified  research  programme.  Funds  can  be  used  to  support  labour,  consumables, 
equipment,  travel  and  overheads.  Within  Basic  Research,  projects  are  reviewed  annually  and 
contracts  normally  last  from  two  to  three  years.  Calls  for  new  proposals  are  made  from  time 
to  time  accompanied  by  a  workplace  which  sets  out  broadly  the  areas  which  Basic  Research 
is  prepared  to  support.  ’Ultimate  Miniaturisation'  typifies  one  of  the  themes  which  embraces 
nanostructure  research.  Projects  are  selected  for  their  relevance  to  the  workplan,  but  the  main 
criteria  are  technical  and  scientific  excellence,  the  calibre  of  the  consortium  and  the 
feasibility  of  the  management  plans.  No  formal  budget  is  set  for  any  one  theme,  although 
notional  targets  may  be  in  the  minds  of  the  Brussels  project  officers.  As  a  consequence  of 
these  rather  loose  arrangements,  the  outcome  of  a  Call  is  unpredictable. 

Table  1  lists  all  the  current  projects  involving  nanostructures  and  semiconductor 
nanotechnology  and  indicates  the  theme  of  each.  Further  details  can  be  obtained  from  the 
official  EU  Synopses.  But  it  is  clear  from  this  list  that  with  few  exceptions  the  projects  are 
science-based  and  likely  to  be  exploited  only  in  the  very  long  term.  The  contrast  with  the 
managed  programmes  described  in  the  companion  papers  could  not  be  greater. 
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Working  groups.  Consortia  are  funded  at  a  relatively  low  level  to  pursue  their  mutual 
interests  by  holding  regular  workshops  and  brief  laboratory  visits.  Working  groups  can  be 
large:  QUANTECS  (Quantised  Electronics)  has  10  partners,  including  two  from  EFTA 
(European  Free  Trade  Association)  countries.  EFTA  partners  are  allowed  to  participate  in 
ESPRIT,  but  national  governments  have  to  meet  the  costs  of  involvement.  QUANTECS 
embraces  work  on  quantum  transport,  spectroscopy  of  nansotructures,  single  electronics, 
microcavity  devices  and  fabrication  technology.  Working  groups  often  carry  out  a  basic  level 
of  work  to  demonstrate  the  feasibility  of  promising  lines  of  research  preparatory  to  the 
submission  of  a  full  project  proposal.  Two  new  proposals  (SETRON  and  SMILES)  were 
awarded  to  members  of  the  working  group  in  the  last  ESPRIT  round. 

Networks  of  Excellence,  The  objective  of  a  network  of  excellence  is  to  formalise  links 
between  centres  (’nodes')  of  expertise  throughout  the  EU  with  a  view  to  co-ordinating  and 
promoting  a  broad  area  of  research,  and  providing  a  point  of  contact  for  the  outside  world, 
including  the  European  Commission  itself.  One  of  the  networks  is  concerned  with 
nanostructures.  PHANTOMS  (Physics  and  Technology  of  Mesoscopic  Systems)  now  has  62 
members  and  associate  members,  of  which  8  are  industrial  partners  and  3  are  in  Eastern 
European  countries.  Full  members  only  are  allowed  to  receive  funding  from  the  network. 
These  funds  allow  members  to  send  representatives  to  network  meetings,  and  make  short 
visits  to  other  network  members  to  carry  out  experiments,  or  discuss  results.  Funding 
provides  for  travel  and  subsistence  only,  not  for  the  other  costs  of  research.  PHANTOMS 
maintains  a  database  of  publications  and  information  on  its  partners,  so  that  anyone  searching 
for  a  particular  expertise  or  capability  can  readily  establish  its  availability  within  the  network. 
A  newsletter  is  sent  regularly  to  worldwide  contacts.  Each  year,  PHANTOMS  organises  a 
workshop  for  its  members  and  some  invited  speakers  to  discuss  recent  results. 

ESPRIT  funding  is  also  available  to  support  international  collaboration  by  projects,  working 
groups  and  networks.  These  schemes  are  negotiated  on  a  country-by-country  basis.  At 
present  agreements  exist  with  the  NSF  (USA)  and  the  NRC  (Canada).  Under  the  NSF  scheme 
the  QUANTECS  working  group  has  a  funded  partnership  with  QUEST  at  Santa  Barbara 
which  allows  for  the  exchange  of  personnel  and  the  organisation  of  a  workshop. 

PHANTOMS  and  a  consortium  of  Canadian  institutes,  lead  by  the  NRL  in  Ottawa,  have 
established  the  ECAMI  project.  This  has  a  formal  workplan  from  which  topics  for  research 
are  selected  on  an  annual  basis, 

3.  Framework  IV 


The  arrangements  described  above  applied  during  the  third  round  of  ESPRIT,  which  has  now 
terminated.  From  early  1995,  EU  research  will  be  covered  by  Framework  IV,  a  Framework 
being  an  umbrella  scheme  which  defines  the  budget,  strategy  and  principal  themes  for 
research  and  associated  activities. 

Framework  IV  is  intended  to  ring  some  changes  in  the  objectives  and  mechanisms  for  R&D 
funding.  Most  important  is  to  attempt  to  improve  the  rate  of  exploitation  of  EU  funded 
research.  Although  research  will  remain  pre-competitive,  consortia  will  be  required  to  define 
and  commit  to  an  exploitation  strategy  for  their  projects,  clearly  implying  that  the  nature  of 
the  research  will  be  much  more  closely  associated  with  commercial  realities.  Another 
manifestation  of  change  of  emphasis  is  the  plan  to  establish  a  number  of  'Focused  Clusters'. 


Continue, 

reconfigure, 

cancel 


Downstream 

activities 


1/3  of  budget  f^each 

Pro-active 

Figure  1:  Structure  of  IT  Long  Term  Research 


These  will  involve  suppliers  and  users  of  R&D  and  may  cover  a  number  of  technologies  as 
required  by  their  goals.  A  Focused  Cluster  will  be  responsible  for  progressing  its  activities 
through  the  R&D  phase  into  exploitation,  by  managing  its  resources  according  to  the  state  of 
progress. 

These  changes  in  mainstream  research  projects  have  inevitable  consequences  for  Basic 
Research.  If  Basic  Research  remains  a  novel  science  programme,  judged  by  the  publications 
it  creates  rather  than  the  likelihood  that  the  work  will  be  exploited,  there  will  be  few 
opportunities  to  follow  progress  through  to  real  applications.  On  the  other  hand,  if  Basic 
Research  becomes  too  closely  associated  with  mainstream  projects,  support  for  really  long 
term  research  will  fade. 

The  Commissions  proposals  for  structuring  Basic  Research,  renamed  Long  Terra  Research 
(LTR),  try  to  balance  these  conflicts.  Under  the  proposals,  LTR  will  be  divided  into  three 
modes: 

(1)  Responsive  mode.  These  projects  will  carry  out  research  closely  connected  with  the 
perceived  longer  term  requirements  of  mainstream  (downstream)  research.  The  Call  for 
Proposals  for  this  mode  will  parallel  a  main  Call. 

(2)  Pro-Active  mode.  Two  generic,  long  term  themes  will  be  defined  and  proposals  solicited. 
Currently,  the  themes  suggested  are  :  handling  the  electronic  information  explosion:  and 
miniaturisation  beyond  0,l/<m  CMOS.  The  second  topic  evidently  covers  much  of  the  present 
nanoelectronics  programme. 

(3)  Open  mode.  This  mode  will  allow  any  IT-relevant  proposal  to  be  considered.  Acceptable 
projects  will  go  through  a  6  month  feasibility  study  at  which  point  they  may  be  allowed  to 
continue,  be  restructured  or  closed. 

This  structure  is  represented  diagrammatically  in  Figure  1. 

Clearly  these  arrangements  address  some  of  the  concerns  about  the  application  of  long-term 
research  funds.  Responsive  mode  funding  allows  downstream  projects  to  be  supported  with 
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upstream  research.  The  pro-active  mode  encourages  a  longer  term  vision  and  also  provides 
some  focus,  which  was  lacking  in  earlier  rounds  of  Basic  Research.  And  the  open  mode 
allows  for  novelty. 

Each  mode  is  to  be  allocated  one  third  of  the  total  available  budget.  So  to  judge  the  impact  of 
the  new  structure  on  nanoelectronics  research,  it  is  necessary  to  examine  the  available  funds 
and  the  specified  topics  for  downstream  research. 


_ Objective _ 

Small  size,  low  cost,  high  functionality 
High  speed,  low  power  mm-  and  /<-wave 

Integration  technologies,  including  optical  &  electrical  interconnects 
and  packaging 

Design  methodologies  and  tools 

Devices  &  integration  technologies  for  advanced  peripherals  and 
storage  systems,  communications,  optical  computers  and 
microsystems 

Effective  manufacturability  for  small  &  large  volume  production 
Fast  tumround  on  ASICS 

Table  2:  Objectives  of  Silicon  &  Compound  Semiconductor  Research  Activities 

Tables  2  and  3  show  the  principle  themes  for  mainstream  semiconductor  research  activities, 
and  the  budget  for  the  IT  sector,  respectively.  Upstream  work  on  high-speed  electronics,  high 
functionality,  manufacturability  and  optical  interconnections  provide  coverage  for  some  of 
the  topics  I  have  classified  under  nanoelectronics:  for  example,  ultrashort  gate  FETs,  resonant 
tunneling  devices  and  microcavity  optical  emitters  could  all  fit  these  objectives.  Significant 
support  for  nanoelectronics  might  also  come  from  the  'Beyond  0.  l/mi  CMOS'  pro-active 
theme:  it  would  not  be  unreasonable  for  one  third  of  the  budget  for  this  theme  to  be  devoted 
to  nanoelectronics,  giving  around  $13M  over  the  lifetime  of  the  Framework.  Coupled  with 
support  from  the  responsive  mode,  and  novel  ideas  in  nanoelectronics  contributing  to  the 
open  theme,  I  believe  that  the  funding  level  established  in  Framework  III  is  likely  to  be 


Area 

Budget 

(M$US) 

Software 

22% 

523 

Multimedia  technologies 

Technologies  for  components  and  subsystems 

23% 

544 

Technologies  for  business  processes 

20% 

471 

Integration  in  manufacturing 

Open  microprocessor  systems 

25% 

595 

High  performance  computing 

Long  Term  Research 

10% 

237 

Table  3:  Breakdown  of  effort  in  the  Information  Technology  theme 
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sustainable  in  Framework  IV.  The  sums  are,  however,  extremely  small  in  comparison  with 
the  Japanese  Quantum  Function  Devices  and  the  US  Ultra  programmes.  To  make  best  use  of 
this  funding  requires  more  direction  to  be  given  to  the  nanoelectronics  programme  and  a 
mission-oriented  approach.  Identification  of  priorities  based  on  a  thorough  evaluation  of 
options  will  be  critical.  The  PHANTOMS  network  should  be  in  a  good  position  to  provide 
this  co-ordination  and  identification  of  the  most  promising  lines  of  research,  though  it  will 
have  to  take  a  stronger  leadership  role  than  hitherto  whilst  retaining  the  support  of  its 
predominantly  science-based  membership.  If  LTR  carries  out  its  recommendation  that 
selection  and  monitoring  of  projects  be  carried  out  by  Networks,  then  PHANTOMS' 
authority  to  construct  and  manage  a  programme  will  be  greatly  strengthened. 


4.  Conclusions 


ESPRIT  Basic  Research  has  provided  a  modest  level  of  funding  over  the  past  six  or  so  years 
to  establish  a  trans-national  EU  effort  in  nanoelectronics.  The  work  is  largely  science-based, 
aimed  at  understanding  physical  phenomena  upon  which  might  form  the  basis  for  new  types 
of  device.  In  contrast  to  the  Ultra  and  Quantum  Functional  Device  programmes,  EU 
Nanoelectronics  has  developed  from  the  bottom  up,  rather  than  from  the  top,  down.  The 
programme  could  be  threatened  by  policies  to  be  adopted  in  Framework  IV ,  but  I  believe  that 
good  co-ordination  and  promotion,  together  with  a  modest  change  of  emphasis  towards 
shorter-term  objectives  should  see  a  sustained  level  of  funding  for  nanoelectronics  in  the 
course  of  the  next  four  years. 
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